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The diagenetic processes and unique mineralogical composition of the Miocene Monterey 
formation have attracted scientists from a wide array of backgrounds endeavoring to resolve its 
deepest mysteries. While the formation has historically been an excellent source rock, sourcing 
many of the conventional reservoirs found in California, its diverse lithologies in conjunction with 
the presence of systematic natural fractures, also make it an effective reservoir. The complexities 
in formation evaluation stem from the formation’s heterogeneous nature, being highly fractured, 
containing thin beds (multiple electrofacies), organic matter, interbedded carbonates, various clay 
types in a wide array of distributions, conductive minerals and possibly being fractionally-wet. 
It is the primary scope of this study to investigate the impact of mineralogical complexity 
on oil and brine saturation distribution in quartz phase porcelanite core. The impact of 
mineralogical complexity on preferential fluid imbibition was investigated with spontaneous 
imbibition experiments using brine and mineral oil, and assessed with dielectric microscopy and 
QEMSCAN®. A 2D high frequency dielectric scan of a porcelanite sample exposed to brine and 
mineral oil showed that carbonate rich layers imbibed more mineral oil than quartz rich areas. 
Quartz rich areas required higher porosity and/or microfractures to imbibe any mineral oil at all.  
It is conceivable that in the absence of connected fractures, dolomitic facies in the Monterey could 
have higher oil saturations than quartzitic facies. Furthermore, quartz phase porcelanites with 
some carbonate content can possibly be considered fractionally-wet, requiring lower expulsion 
pressures to imbibe the rock with hydrocarbons. 
A secondary scope of this study was to investigate a suitable laboratory technique to 
characterize specific surface areas of porcelanite containing kerogen. Ethylene glycol 
monomethyl ether (EGME) derived specific surface areas are an overestimate because of the 
reaction with the kerogen itself. Surface areas in this study were measured by nitrogen gas 
adsorption and compared to total specific surface areas derived from the EGME method. Cation 
exchange capacity (CEC) measurements were obtained for the same samples to develop a 
correlation between CEC and Brunauer-Emmet-Teller (BET) specific surface areas in quartz 
phase porcelanite. Pore size distributions were also obtained from nitrogen gas adsorption, and 




The main conclusions from these various techniques on Miocene Monterey formation 
samples are: 
1. Dielectric microscopy at high frequencies shows that carbonate rich layers have a high 
affinity for oil, while quartz rich matrix requires higher porosity and/or microfractures for oil 
imbibition 
2. Total specific surface area (TSSA) of a kerogen-rich porcelanite sample can be quickly 
estimated  with the BET surface area-CEC correlation developed in this study 
3. Clay content and clay type seem to increase the micro and meso pore content (IUPAC), 
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Chapter 1: INTRODUCTION AND RESEARCH OBJECTIVES 
           The Miocene Monterey formation is both scientifically and economically important. This 
chapter presents a brief overview of the formation’s characteristics that have given it a spotlight 
and in the unconventional world despite its recent EUR downgrade.  
1.1     Motivation 
Due to its potential reserves, unique rock types and complex diagenesis, it differs greatly 
from many mid-continental mature source rocks. This work will present the reader with geologic 
background, special formation characteristics, some petrophysical challenges, my own research 
objectives, laboratory measurements, data observations and key conclusions to this study. 
1.1.1  Economic Importance 
In July 2011, the U.S Energy Information Administration (EIA) published a review of 
emerging US resources specifically geared towards gas and oil shale plays in lower 48 states. 
They released estimates for remaining technically recoverable reserves in the Monterey/Santos 
Shale in California (Figure 1-1). The sedimentary basins of focus in the EIA study were the San 
Joaquin and Los Angeles Basins (Figure 1-1). The Monterey formation is quite extensive, and 
does exist in other basins in lower California and even around the world. 
The EIA estimated the aerial distribution of the Monterey in these two basins alone to be 
about 1,752 square miles. They estimated the technically recoverable oil reserve to be 15.42 BBL, 
and estimated well EUR around 550 MBO per well (EIA 2011). These values sound economically 
tantalizing as we compare them to mid continental plays.  
In 2014 however, the EIA announced that it would downgrade its estimates on the 
expected recoverable reserves to a total of 600 million barrels. With 600 million barrels of 
potentially recoverable reserves, there are still great economic incentives for companies to 
develop completion strategies and operational efficiencies that would reduce costs and maximize 





Figure 1-1: Unconventional shale plays in lower 48. Monterey formation is circled above 
(Adopted from EIA report 2011). 
 
1.1.2  Scientific Importance 
The Miocene Monterey formation has attracted attention from sedimentary petrologists, 
petroleum geologists, structural geologists, stratigraphers and scientists from a wide array of 
disciplines. This interest is fueled by an eagerness to understand the complex geologic riddles of 
the formations and “crack the code” that could make the deep Monterey formation highly 
productive. From a petrophysical perspective, the Monterey formation defies every definition of 
an Archie-type rock. The formation is highly heterogeneous, and it has thin beds (multiple 
electrofacies), has organic matter, has interbedded carbonates, it contains various clay types in 
a wide array of distributions, and conductive minerals (pyrite). It is also highly fractured and is 
possibly fractionally-wet. Understanding how each of these factors affects the petrophysical 
characterization in the subsurface is an area of active research and development today. It is a 
tremendous task but an essential step forward in order to identify, produce and optimally 




It is the hope of this study to aid in understanding how a wide array of mineral constituents 
effects petrophysical properties of porcelanite. Within the scope of this study is to investigate the 
effect mineralogical complexity has on oil and brine distribution in quartz phase porcelanite at a 
core-scale. A second scope of this study, is to investigate suitable laboratory techniques to 
characterize the surface properties that control electrical resistivity in porcelanite rock. 
1.2  Research Objectives 
The research objective of this study was to increase petrophysical understanding of quartz 
phase Monterey porcelanite in the San Joaquin Basin. Specifically, this thesis had the following 
research objectives: 
1. To investigate the effects of mineral and pore distribution on oil and water saturations in 
quartz phase porcelanite core 
 
2. To investigate the effect of carbonate minerals on nanometer pore size distributions 
 
3. To investigate how Brunauer-Emmett-Teller (BET) specific surface area measured by 
nitrogen gas adsorption can replace EGME-derived specific surface areas to determine 
















Chapter 2: MONTEREY FORMATION BACKGROUND 
            In order to understand the lithological complexity of the Miocene Monterey formation, the 
following section discusses an overview of the geologic setting and rock types. The production 
potential of quartz phase porcelanite reservoirs is discussed. The diagenesis of silica, organic 
matter alteration and clay transformation as they occur simultaneously is presented here. The 
impact of clay and carbonate on porcelanite pore structure and, in turn, on petrophysical 
measurements is introduced here.  
2.1  Geologic setting 
The Monterey formation was deposited along the western margin of the North American 
plate during California’s transition from a convergent to a transform margin setting (Behl 1999). 
The tectonics associated with this transform margin during the Oligocene to mid-Miocene periods 
(around 5-17.8 Mya), led to the development of various orogenic basins (depocenters) where high 
levels of biogenic accumulation occurred Figure 2-1 (Behl 1999). 
 
Figure 2-1: Locations of California Neogene Depocenters (Sedimentary Basins) (Behl 1999) 




The biogenic accumulation, known now predominantly as the Monterey formation, can be 
found in offshore and onshore Santa Maria and Santa Barbara, inland San Joaquin, Ventura, 
Salinas, Santa Cruz and Los Angeles Basins, among others. From a more global perspective, 
this biogenic accumulation in California was part of a discontinuous belt of diatomaceous 
sediment, deposited around the Pacific Rim during the Miocene epoch (16-4 Mya) (Behl 1999). 
The Monterey sedimentary record is very diverse, with the rock facies changing from basin 
to basin (Behl 1999). This makes the lithological analysis and rock typing through conventional 
logging methods complex, as a single section represents a combination of various rock types. A 
general vertical trend of lithofacies can be observed throughout the Monterey formation in some 
basins, which has led many authors to create informal subdivisions. Woodring and Bramlette 
(1950) subdivided the formation into and lower, middle and upper members, while Pisciotto and 
Garrison (1981) made a lithological distinction to subdivide the Monterey into Calcareous, 
Phosphatic and Siliceous facies (Woodring and Bramlette 1950; Pisciotto and Garrison 1981). 
These facies are not necessarily found across every basin, but they do however offer a 
generalization of expected lithologies. 
The Monterey formation is characterized by a large proportion of biogenic material, in 
which the contribution of silica (from the tests of diatoms and radiolarians) and carbonate 
(coccoliths and foraminifers) far exceed those of other Neogene sedimentary formations around 
the world (Hurst 1992). Diatoms are phytoplankton whose frustules are made of hydrated silicon 
dioxide (Figure 2-2) (Wetmore 2013).  
 




The vast accumulation of diatomaceous sediment in the Monterey formation is due to 
prolific rates of diatom production in the upwelling waters along the California margin in this time 
period. Wireline and core data from the Deep Sea Drilling Project have demonstrated that the 
Miocene epoch saw major changes in thermohaline circulation (Hurst 1992). Global climate 
changed from non-glacial to glacial as a result of the Antarctic ice cap expansion around 13-16 
Mya (Hurst 1992). This caused a steep thermal gradient from pole to equator, intensifying ocean 
and atmospheric circulation (Hurst 1992). This circulation in turn intensified upwelling, which 
brought vital nutrients to the phytoplankton and increased their productivity to produce large 
diatom blooms (Isaacs 1984). Periods of sustained upwelling and detrital starvation led to the 
accumulation of silica, organic matter (type II kerogen, marine algae), phosphate and carbonate 
(Hurst 1992). Existence of laminations, preservation of organic matter, and presence of 
dysaerobic benthic foraminifers indicates that the Monterey formation was deposited in oxygen 
deficient environment from lower middle bathyal (1500-2300 m) to upper middle bathyal (500-
1500 m) regions in basin plains, slope, bank-tops, and shelf edges (Hurst 1992). 
The large variation in rock types is an indication of the complex depositional environment. 
Figure 2-3 shows an outcrop at Arroyo Burro beach in Santa Barbara California. Notice the 
 
Figure 2-3: Monterey outcrop at Arroyo Burro Beach, Santa Barbara California showing layers 
of porcelanites, cherts and clay-rich shaly zones. A large fault (marked by an arrow) is seen to 
cut across the strata. 
 
Textural Heterogeneity 




complex textural heterogeneity in this chert member, evidencing tremendous tectonic folding and 
faulting. The depositional environment of this large cliff exposure was deep basinal and is 
dominated by chert and porcelanite. In short, Monterey sediment deposition and its organic matter 
preservation can be explained by  a combination of tectonic events, climate-induced diatom 
productivity and intensification of oxygen reduced bottom waters (Woodring and Bramlette 1950). 
2.2  Production from Quartz Phase Monterey Formations 
Reservoir rocks with sufficient hydrocarbon accumulation have been observed in the lower 
Monterey formation in various basins (Schwalbach et al. 2007). EIA estimate of well EUR was 
550 MBO per well, but production from a small pool of wells has thus far has been poor averaging 
300 boed (Redden 2012). The average well spacing was reported at about 16 wells/square mile 
(Redden 2012). The development of the Monterey formation has slowed down and is still in its 
infancy in the San Joaquin basin but this work will focus primarily here. 
Despite the advent of completion technology in unconventional plays, locating a 
hydrocarbon accumulation, does not by itself guarantee commercially sustained production in the 
Monterey formation. Multiple studies have been conducted in the Hondo Field in offshore Santa 
Barbara Channel, Elk Hills “D” shale and North Shafter Field in the San Joaquin Basin and the 
Santa Maria Field in Santa Maria Basin. The data gathered across these different basins revealed 
a wide scope of variability in the driving factors to oil production from the Monterey formation. 
Commercial and non-commercial development programs show similar trends in rock and 
fluid properties, and indicate the characteristics required for the Monterey formation to be 
productive (Schwalbach et al. 2007). These characteristics are a combination of mineral 
composition and rock type, silica phase of the rock, degree and distribution of natural fractures, 
pore pressures, fault proximity and hydrocarbon fluid properties (Schwalbach et al. 2007). 
One of the many problems in terms of the petrophysical evaluation of the Monterey 
formation, stems from the large variety of rocks that make up the formation (Redwine 1981). The 
deeper sections of the Monterey are dominated by biogenic quartz, carbonates, clay, organic 
matter, apatite and pyrite. In some portions of the San Joaquin basin, carbonate layers can be 
present as discrete beds with thicknesses of several feet (Figure 2-4).  
In contrast to their occurrence as discrete beds, carbonate minerals can also be found 
dispersed within the matrix in some quartz rich sections of the Monterey formation, and thus the 
general mineralogy becomes a function of three components; quartz, carbonate, and clay 
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(Schwalbach et al. 2007). However, the question still remains as to how the three major mineral 
components (clay, quartz and carbonate) control the pore structure. 
 
Figure 2-4: Monterey well log showing discrete beds of carbonate, mainly dolomite. Well log is 
from the western flank of San Joaquin Basin.  
 
The presence of detrital clay, clay transformation (illitization) and dolomitic precipitation due to 
carbonate-saturated fluid flow in the pore space has been documented to have a structural effect 
on the pore geometry of Monterey rock (Eichhubl and Behl 1998; Schwalbach et al. 2007). 
Since some of the mineral constituents have nanometer sized pores, it is important to 
understand and fully characterize the pore structure of porcelanite rock. These pores might not 
necessarily contribute to the permeability and fluid flow in porcelanites, but they do have a 
significant effect on the electrical conductivity (Swanson 1985), and ultimately play a role in the 
calculations of total and effective saturations in zones of interest. It is therefore important to 
understand the effect of clay minerals and carbonate minerals on petrophysical analysis and the 
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effect that a multimineral-composite rock can have on the assumptions of a homogenously wet 
formation. 
2.3  Major Diagenetic Transformation 
The Monterey formation exhibits a wide array of rock types depending on the original 
sediment deposition and on subsequent alteration and digenesis with burial history. Sediment 
deposition begins as calcareous and siliceous ooze which consists of biogenic calcite, amorphous 
biogenic silica and some detrital material (primarily illite-smectite clay, feldspars and quartz) 
(Hornafius 1991). After burial, the multi-mineral composition leads to several parallel systems of 
complex sequences of alteration. Clay transformation from smectite to illite occurs, the biogenic 
silica and calcite undergo diagenesis, and the preserved organic matter begins to mature and 
generate hydrocarbons. Every stage of dissolution, precipitation and alteration may further 
complicate the other parallel systems undergoing their own processes of digenesis. Figure 2-5 
shows a visual depiction of the various transformations within the Monterey formation at different 
depth and temperatures. Figure 2-5 also shows the change in porosity, grain density and pore 
size distribution. In the following section, I present a review on the illitization of smectite clay 
minerals, the diagenesis of silica as it transforms from opal-A to opal-CT and finally to quartz. 
Furthermore, I will also discuss the thermal maturation of sulfur rich organic matter in the Monterey 
formation.  
2.3.1 Smectite/Illite Transformation 
Clay minerals are an integral part of the diagenetic evolution of silica and organic matter 
in the Monterey formation (Compton 1991). It has been proposed (for example, Isaac, 1982; 
Compton 1991) that clay minerals inhibit opal-A to opal-CT transformation (see section 2.3.2). On 
the other hand, during organic matter diagenesis, clay minerals have been identified as catalyst 
(Compton 1991). In the Gulf Coast region, mixed-layer illite/smectite (I/S) clays become 
progressively illitized from 20% to 80% over a temperature range of 40°C to 140°C (Compton 
1991).  
A steady amount of available potassium is needed for the illitization of smectite.  The 
source of this potassium is usually from potassium feldspar and potassium-bearing mica minerals 
(Compton 1991). The general reaction proposed is (Compton 1991): 





Figure 2-5: Major Monterey formation diagenesis and transformations with burial. Chart composed from data and temperature 
models from Isaacs 1984 and Eichhubl and Bell 1998. Smectite is expected to transform to illite clay between 80-115º C. Depending 
on mineralogy, opal-A is expected to transform to opal-CT between 45-50º C. Similarly, opal-CT transforms to quartz between 65-80º 
C. The organic matter begins maturation around 60º C for this sulfur-rich type II kerogen. Porosity drops from 65% to 10% from opal-
A to quartz. Note however, the pore size distributions see a shift to larger pores from opal-A to quartz. Pore size distributions for 
opal-CT and quartz from Schwalbach et al. 2007. Permeability data from Isaacs 1984.  
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The alteration from volcanic ash to smectite coincides in time and depth with the alteration 
of opal-A to opal-CT in the Monterey (Compton 1991). As discussed later, this clay conversion 
affects silica diagenesis because they both compete for available magnesium (Compton 
1991).The initial illitization of smectite coincides with the opal-CT to quartz transformation for the 
silica rich zones.  Data from offshore Monterey wells indicate that I/S layers convert from 10% to 
80% illite over a depth of 0.8 km corresponding to a temperature range of 80-115°C assuming a 
geothermal gradient of 40°C/km (Compton 1991). Figure 2-6 shows that 80°C is about the 
threshold temperature for this transition when the sediment is low in clay content. If the rock is 
more detrital rich (clay rich), then the opal-CT to quartz transformation will occur at lower 
temperatures and will precede the smectite/illite transformation. 
 
Figure 2-6: Diagram depicting silica percentage and temperature of the silica phase change 
(Schwalbach et al. 2007). 
 
After burial, sediment compacts as overburden pressure increases and pore water is 
expelled. Marine clay sediments typically contain approximately between 70-80% water by 
volume. After mechanical compaction, pore fluid water is reduced to around 30% (20% of which 
is from the interlayers of swelling clay) (Hurst 1992). As the sediment is exposed to higher 
temperatures, the interlayer water becomes mobile and is expelled into the free pore fluid, 
marking a physical transformation of smectite to illite. The released structural water associated 
with this transformation may amount to as much as 10-15% of the compacted bulk volume (Hurst 
1992).  Due to pore and overburden pressure, this added water will preferentially follow in high 
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permeability pathways in the bulk rock. This displaced fluid might be an important assistant agent 
for the upward movement of generated hydrocarbons, especially if this transformation is occurring 
after the generation of Monterey hydrocarbons.  
2.3.2  Silica Diagenesis 
Silica is precipitated by phytoplankton (diatoms, radiolaria, sponges and silicoflagellates) 
in the form of opal-A and deposited on the ocean seafloor (DeMaster 2003). Opal-A is amorphous; 
X-ray diffraction pattern of opal-A shows a broad peak between 20-26 degrees two theta 
(DeMaster 2003). In response to various physical and chemical parameters, the hydrous silica 
(opal-A) undergoes dissolution and precipitation to transform to opal-CT (cristobalite and 
tridymite) (Figure 2-7). 
 
Figure 2-7: SEM of nascent opal-CT growing within partially dissolved opal-A frustules. Field of 
view is 15µm (Behl 1999). 
 
Following further dissolution and precipitation, opal-CT  transforms to quartz (Figure 
2-6).The factors influencing these opal-A and opal-CT transformations change at each digenetic 
step. Every stage of alteration, dissolution and precipitation has an effect on pore water chemistry, 
water-rock ratios and permeability, that in turn influence subsequent alterations (Hurst 1992). 
As opal-A transforms to opal-CT, structural water is released by dehydration reactions. 
Subsequent compaction of the pore space induces fluid flow. Opal-A contains about 17 wt.% 
structural water that is released as it transforms to opal-CT and finally to quartz phase (Eichhubl 
and Behl 1998). This reaction may be a reason for lower salinity in pore water in the Monterey, 
and the high water saturations associated with fractured zones. Furthermore, the expelled amount 
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of fluid would be highest in the depth and temperature intervals associated with the conversion of 
silica. Table 2-1 show the important catalysts in the silica diagenesis process.  
Table 2-1: Physical and Chemical factors influencing opal-A to opal-CT and opal-CT to quartz 
transformations (Hurst, 1992). 
Physical and Chemical 
Parameters 
Opal-A to Opal-CT 
Opal-CT to varieties of 
Quartz 
Temperature Very Important Very Important 
Pressure Important Important 
pH Very Important Very Important 
Ionic Strength Important Important 
Concentration of dissolved 
silica in fluid phase 
Very Important Very Important 
Availability of Mg2+ or Fe3+ , Al3+ 
and OH- 
Important - 
Absence of Competing 
diagenetic reactions which 
require Mg2+ and OH- 
Important - 
Cl-/SiO42- ratio in fluid phase - Important 
 
The most important factor controlling silica digenesis is temperature. The temperature 
range for opal-A to opal-CT transformation is from 40-50 °C and from 60-80 °C for opal-CT to 
quartz (Figure 2-6). Silica content itself affects the temperature range for the silica digenesis. 
Changes from pure diatomite to new forms occur at lower temperatures, when compared to 
diatomaceous mudrock to siliceous mudstone (Hurst 1992). This effect is due to the dynamics 
between silica transformation and clay minerals (smectite) which compete form Mg2+ and OH− 
ions, inhibiting the formation of magnesium oxide, a principal component of opal-CT (Hurst 1992).  
With higher temperatures, appropriate pH levels and dissolved silica concentration in pore water, 
opal-CT dissolves. When the dissolved silica reaches super saturation, quartz precipitates (Hurst 
1992). Contradicting trends have been observed across basins with this phase transformation. In 
the Santa Barbara region, C.M. Isaacs (1984) noted that with a higher percentage of detrital 
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material, transformation to quartz should occurs at lower temperatures (Hurst 1992). Interestingly, 
Pisciotto and Garrison (1981) observed an opposite trend in the Santa Maria Basin (Hurst 1992). 
2.3.2.1 Diagenesis: Effect on Pore Structure 
Pore size distribution is a quantification of relative pore volumes of different pore sizes. 
Nanometer-sized pores have been documented as intraparticle pores in bedding parallel laminae, 
as dissolution pores due to digenetic alteration, intercrystalline pores in pyrite framboids, 
framework pores occurring between clay platelets, and as intraparticle pores in organic matter 
(Josh et al. 2012). 
It is well understood that silica digenesis has an effect on the pore geometry of Monterey 
rocks (Schwalbach et al. 2007; Isaacs 1984; Behl 1999). The silica-rich rocks show significant 
reduction in primary porosity as the rocks undergo silica diagenesis. Initial porosity of about 65% 
in opal-A diatomite reduces to about 30% in opal-CT porcelanites and cherts. It reduces further 
to around 10% in quartz porcelanites and cherts (Eichhubl and Behl 1998; Isaacs 1984). Mercury 
injection data show that this reduction in porosity is accompanied by an increase in larger 
(between 1 µm to 100 nm) pore throat diameters and a reduction in smaller (from 100 nm to 10 
nm) pore throat diameters as silica transforms from opal-CT to quartz (Schwalbach et al. 2007). 
Figure 2-8 shows mercury intrusion capillary pressure (MICP) results on quartz and opal-CT 
porcelanites with similar clay contents (Schwalbach et al. 2007). The silica diagenesis does 
reduce the overall pore volume of the rock, but it transforms the pore geometry itself, increasing 
the volume of pores that are necessary for fluid flow. For this reason, quartz phase porcelanite 
zones have been targeted as potential reservoirs, since the larger pore throat sizes improves the 
capillary properties of the rock, resulting in much larger hydrocarbon saturation (Schwalbach et 
al. 2007). 
Opal-CT rocks when compared to quartz porcelanite, have smaller pore throats, lower oil 
saturation and lower permeability (Schwalbach et al. 2007). Figure 2-8 shows the pore throat 
distribution of opal-CT rocks compared to quartz rich rocks. Opal-CT rock have a large peak 
ranging from 10-100 nm, while the quartz rich rock does not have this peak. It is evident from 
MIIP data, which captures a larger pore range than does nitrogen adsorption, that the quartz rich 




Figure 2-8: Mercury intrusion data from Monterey rocks with similar silica and clay ratios. Most 
pore throats in quartz-rich rock are from 1 micron to 100 nm, while the opal-CT rock has pore 
throats from 100 nm to 10 nm (Schwalbach et al. 2007). 
 
2.3.3  Organic Matter Thermal Maturation 
Total organic carbon (TOC) in the Monterey can reach up to 23 wt.% and organic matter 
content up to 34 wt.% (Behl 1999). The organic matter is amorphous marine algal debris and 
includes some portions of organic matter with terrestrial origin (Behl 1999).The kerogen found in 
the Monterey formation is of Type II-S with high sulfur content. The high amount of sulfur (up to 
9% by weight) in the kerogen contributes to the Monterey generating oil at lower vitrinite 
reflectance values when compared to other mature source rocks with kerogen Type II 
(Schwalbach et al. 2007). This is because the energy needed to break carbon-sulfur bonds is 
lower than the energy required to break carbon-carbon bonds, thus the Monterey kerogen 
requires less thermal energy to begin the onset of oil generation. Catagenesis of the kerogen 
begins at a temperature range between 60-80°C (Behl 1999). This should theoretically be in the 
silica opal-CT range. During diagenesis and catagenesis, the organic matter releases water, CO2, 
liquid hydrocarbons and some natural gas. The overall volume of organic matter and released 
fluids into the rock pore space increases by about 15% during organic matter maturation (Eichhubl 
and Behl 1998). 
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2.4 Mineralogy and General Monterey Rock Types 
As discussed in the geologic setting section, the Monterey formation has large 
compositional variability. Thus, core samples might not be representative of the total stratigraphic 
interval. The minerals listed in  
Table 2-2 are some of the most common rock forming minerals found in the Monterey.  
Table 2-2: Minerals commonly found in Monterey lithologies 






















(CaNa)(Al, Fe, Mg)4(Si, Al)8(OH)8 
Ankerite: 




Based on these minerals, common Monterey formation lithologies are diatomites, 
diatomaceous and siliceous mudrocks, porcelanites, cherts, dolostones, and limestones (Figure 
2-9). It is useful to investigate variations in each lithology to ultimately build a physical property 
stratigraphic column. Since many rock types typical in the Monterey formation are not commonly 
found in other oil reservoirs around the world, in the following, I present a brief descriptions of 
these rocks (Dunham and Cotton-Thornton 1990). 
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Chert: A rock with vitreous luster and Mohs hardness greater than 5.5 (Dunham and 
Cotton-Thornton 1990). Chemical analysis indicates that chert of either quartz or opal-CT contains 
more than 90% silica (Figure 2-9 and Figure 2-10) (Dunham and Cotton-Thornton 1990). 
 
Figure 2-9: Typical Monterey formation lithologies: chert, quartz porcelanite, calcareous-
siliceous shale, organic-rich phosphatic shale. 
 
Williams (1982) and Isaacs (1981) often use the word chert in a mineralogical context for rocks 
that have greater than 80% quartz. Some rocks containing 80% quartz can easily be called 
porcelanite if the classification is based on texture (physical appearance) (Reid and McIntyre 
2001). 
Porcelanite: A rock with a vitreous and matte luster and Mohs hardness about that of steel 
(6.5). It is very brittle and usually contains fractures. Its name is derived from it appearance of 
broken porcelain. The main differences between porcelanites and cherts are the luster, fracture 
style and hardness (Figure 2-9 and Figure 2-10) (Dunham and Cotton-Thornton 1990).  The term 
porcelanite was used to describe rocks with a dull luster and resemblance of broken unglazed 
porcelain (Reid and McIntyre 2001). 
Siliceous Mudrock: A very soft and ductile rock. It usually does not contain any open mode 
fractures (Figure 2-11) and occasionally shows some fissility. In addition to high silica content, 
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siliceous mudrocks contain more detrital material than porcelanite and chert (Figure 2-10) 
(Dunham and Cotton-Thornton 1990). 
Dolomite: A very dense rock with hardness from 3 to 4 on Mohs hardness scale. It is a 
non-fissile rock that contains some degree of silica and detrital material (Figure 2-10) (Dunham 
and Cotton-Thornton 1990). 
The ternary diagram in Figure 2-10b, depicts the mineral content of the Monterey core 
used in this study. The location of these samples in the San Joaquin Basin as well as their 
mineralogical content will be discussed in Chapter 3. 
 
Figure 2-10: Compositional variations in the Monterey formation. (a) Diagram showing a wide 
range of sedimentary composition of the Monterey formation (Sadler et al. 1990). (b) Mineral 
content of the cores used in this thesis to study porcelanite pore structure. 
 
Monterey reservoirs usually have interbedded sandstone beds with naturally fractured, 
brittle diagenetic siliceous and dolomitic rocks. Diagenetic embrittlement of chert, porcelanite and 
dolomite with burial is important for these fractured reservoirs (Behl 1999). Furthermore, the 
proportions of silica and clay minerals determine the mode of fracturing in the Monterey rock. With 
an increasing content of silica, the rock will tend to fail in opening mode fractures, while the clay 
rich rock experiences shear fractures and faulting (Figure 2-11). Fractured siliceous shale and 






Figure 2-11: Deformation in the Monterey rocks controlled by silica and clay content. Data 
points depict the mineralogy. Silica-rich rocks fail in opening mode fractures (left), while clay-rich 
rocks fail in shear fractures and faulting (right) (Schwalbach et al. 2007). 
 
This study focuses on porcelanites, sandstones and carbonates from the central and 
western flanks of the San Joaquin Basin. 
2.5  Shaly Sands and Water Saturation Models 
Clay minerals present an added complication to the evaluation of subsurface reservoir 
properties. I present below the effect clay minerals have on electrical resistivity and how this effect 
may be characterized. Furthermore, I present the traditional water saturation models that have 
been proposed to address the presence of clays in reservoirs. This section will also address the 
impact grain wettability has on electrical resistivity. 
2.5.1.  Properties of Clays: A Petrophysical Perspective 
Clay minerals common to the Monterey formation are smectite, illite, smectite/illite mixed 
members and some kaolinite. These minerals contain a charge imbalance due to isomorphic 
substitution and broken bonds along their edges and thus require counterions (cations) to 
neutralize the charge deficit. These counterions can be readily exchanged and this exchange 
capacity is termed as the cation exchange capacity (CEC) Figure 2-12 (Asquith 1990). The large 
surface area of clays, compared to quartz, means that the clays will adsorb large quantities of 
pore water to its surface (Table 2-3). As Table 2-3 shows, the surface area and, with it the amount 




Figure 2-12: Surfaces of clays are negatively charged giving way to their cation exchange 
capacity (Clavier et al. 1984). 
 
This adsorbed water, also called bound water, reduces the effective porosity and also 
contributes to the electrical conductivity of the formation. However, this bound water does not 
contribute to the hydraulic conductivity because it is immobile (Asquith 1990). The effect of clay 
minerals on logs is therefore to reduce resistivity and increase the total porosity measurement. 
Table 2-3: Specific surface area of clay minerals is orders of magnitude larger than quartz. 
Larger surface area of clays gives rise to the large quantity of bound water (Asquith 1990). 
Specific Surface Area of Various Minerals 
Quartz 0.15 cm²/g  
Kaolinite 23 m²/g 
Chlorite 42 m²/g 
Illite 113 m²/g 
Smectite 750 m²/g 
 
 The formation factor is a ratio of the conductivity of the interstitial brine over the 
conductivity of the bulk rock. Clay has an impact on the formation factor of a saturated rock. 
Increasing clay content in porous rocks saturated with brines of different conductivities acts to 
reduce the rock resistivity (see Figure 2-13 from Worthington, 1985). At lower brine conductivities, 
the shaly sand line deviates away from the clean sand line proportional to the clay content. The 
increase in conductivity of the rock (Co) is larger than can be accounted for by the increasing 
conductivity of the brine alone implying that the matrix (clay) is also conductive. This added 
conductivity is caused by bound water associated with clay minerals. The effect of clay on 
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electrical conductivity is non-linear and becomes more pronounced at lower brine conductivities 
(higher Rw). 
 
Figure 2-13: Effect of clay on electrical conductivity of porous media. Formation factor (Cw/Co) 
is independent of interstitial brine conductivity for clay-free rocks (clean sandstone), but 
becomes highly sensitive to brine conductivity with increasing clay content (Worthington 1985). 
 
2.5.1.1  Specific Surface Area and CEC 
   Total specific surface area of sedimentary rocks controls important physicochemical 
properties (Derkowski and Bristow 2012). Physical adsorption of molecules, heat loss, swelling, 
water retention, cation exchange capacity and many chemical factors depend on the exposed 
surface area in rocks. For example, the reactivity of soils depends on the mineralogy, organic 
composition, and particle size distribution and is directly related to surface area. Surface area can 
be expressed as specific surface area which is total surface area normalized by the sample mass 
(m²/g). 
In this part, focus is on the effect of specific surface area on the electrical properties of 
clay-bearing rocks. The electrical resistivity of shaly lithologies is really a function of the cation 
exchange capacity and the distribution of clay minerals present in that formation and the formation 
temperature (Patchett 1975). 
In an attempt to develop a model based for the electrical properties of gels, Patchett (1975) 
found a linear relation between surface area and CEC because they are intimately controlled by 
unique clay properties. Surface area and CEC have been studied to understand the low resistivity 
behavior of shaly sands, since fine grain sizes, microporosity and high capillarity give rise to high 
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surface area (Worthington 2000). In this thesis, I show how surface area and CEC are important 
parameters for the development of conductivity models in Monterey porcelanite rocks. 
Cremers and Laudelout (1966) developed a mode to describe the conductivity of clay gels 
and determined the following relationship: 
Cg =
C1ϕ
ϕ + K(1 − ϕ)
+
2.5(1 − ϕ) λsSo
ϕ + K(1 − ϕ)
 
Where ϕ is porosity of the gel, C1 is the conductivity of the electrolyte, K is 
(F−1)ϕ
(1−ϕ)
 , F is the 
formation factor , λs is the specific surface conductance of the clay, So is the specific surface area, 
and Cg is the conductivity of the clay gel. As porosity approaches zero, the first term, which is 




, which is a function of surface area. 
 
2.5.2  Volume of Shale (Vsh) and Double Layer Models 
            Archie’s equation is inadequate to determine water saturation in the deeper part of the 
San Joaquin Basin because of the heterogeneity and complex mineral composition of silicate, 
clay and carbonate minerals, thin beds, varying organic content, metallic minerals such as pyrite, 
and potentially a mixed wet nature. Figure 2-14 shows the stark differences between the nature 
of quartz phase porcelanite and conventional sandstones. The quartz phase porcelanite shows 
poorly sorted quartz grains, large proportions of clay, organic matter inclusions, carbonate mineral 
strings and pyrite. The Fontainebleau sandstone grains are well sorted and show no presence of 
clay. 
 Traditionally, two approaches have been used in the development of the shaly-sand 
concepts: The first is based on volume of shale (Vsh) and the other is based on the ionic double-
layer phenomena (Worthington 1985). Ionic double layer models are preferred over Vsh models 
because the log-derived Vsh parameter obtained from correlations may not truly be a resistivity-
compatible parameter (Worthington 1985). Ionic double layer models accommodate 
characteristics of the shaly formations, which more accurately account for clay composition, mode 




Figure 2-14: FESEM Comparison of quartz phase porcelanite and Fontainebleau sandstone. 
Image a. and b. are of Porcelanites acquired in this study, while image c. is from Kennedy et al. 
(2012). White bars within each image provide a length scale. 
 
Since the electrical contribution from shales is determined from an electrochemical parameter 
that can be determined in the laboratory, it stands to reason that this log-derived petrophysical 
parameter can be calibrated to core. 
 It has been documented through laboratory experiments that many shaly formations 
exhibit a combination of laminar, structural and dispersed clay (Figure 2-15) (Tiab and Donaldson 
2012). This is especially true for Monterey formation porcelanites, which shows various 
distributions of clay minerals (Figure 2-14). 
 An equation of the form: ASw
n + BSw
n−1 + C = 0,  where A, B and C are fitting 
parameters, Sw = water saturation and n = Archie's saturation exponent (Tiab and Donaldson 
2012), has been shown to yield a better approximation of water saturations in many shaly 





equation is the generalized form of the equation, compared to Archie’s original relationship ASw
n +
B = 0 (Archie 1942), which has implicit assumptions that are not met by an unconventional 
formations such as the Monterey formation. 
 
Figure 2-15: Models of clay distribution in shaly formations. Normally all types of distributions 
are observed in clay rich formations such as the Monterey (Tiab and Donaldson 2012). 
 
 Both Vsh and Double layer models fit the form of the generalized equation above. 
Published examples that conform to this form are documented by various authors, for example, 
de Witte (1957), Patchett and Rausch (1967), Waxman and Smits (1968), Bardon and Pied 
(1969), Dual-water model (Clavier, 1977, 1984), Juhasz (1981), and (Worthington 1985). The A 




, or Co], such being the constant found in Archie’s equation. The B constant is usually 
the shale term (in Vsh models) or the clay conductivity term (in double layer models). For example, 
in the case of Waxman and Smits (1968), it is[
BQv
F
], where QV is CEC per pore volume, B is a clay 
interactive term, and F is formation factor. The B constant in the Patchett and Raush (1967) model 




, where Cbw is the conductivity of clay bound water, Cw is pore water 
conductivity, QV is CEC per pore volume, vQ is the water associated with cations and Fo is 
formation factor (Worthington 1985). Table 2-4 summarizes the major shaly sand resistivity 
models along with brief explanations for each. 
 Figure 2-16 shows differences between saturation values obtained using Archie's 
equation and an electrical double layer model such as Waxman and Smits for a wide range of 
pore water conductivities. 
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Table 2-4: Generalized water saturation equations. 
Equation Meaning Author 
ASw
n + BSw
n−1 + CConstant = 0 
 
A, B and C are constants. Sw 
is water saturation and n is 
the saturation exponent. 
 





n  or CoSw
n  
 
Sw is water saturation, Cw is 
brine conductivity, n is the 














Sw is water saturation, Cw is 
brine conductivity, n is the 
saturation exponent, F is 
formation factor and F* is 
formation factor of shaly 
formation. 
 











Sw is water saturation, Cw is 
brine conductivity, n is the 
saturation exponent, F is 
formation factor and F* is 
formation factor of shaly 
formation. 
 
Dual Water Model (1977, 
1984) 
 
 Saturation values from Archie’s equation are significantly higher than those 
calculated using Waxman and Smits equation, especially in the higher brine resistivity regime, as 
can be seen in Figure 2-16. The water resistivity ranges common in Monterey formation reservoirs 
and marked by blue in the figure signify that clay conductivity must be accounted for in water 




Table 2-5: Parameters used in Waxman and Smits model. 
Qv 0.55 Meg/ml 
BET SA 10 m2/g 
B 4.33 mho/m/meq/mL 
Phit 10% 
Rhog 2.5g/cc 
Rt 50 Ωm 
Reservoir Temperature 77 °F 
 
 
Figure 2-16: Comparison of Archie and Waxman and Smits equations for a porcelanite sample. 
Note that Archie's equation overestimates water saturation since it does not address the effect 
of clay conductivity. 
 








n−1, the cation exchange capacity 
per pore volume (Qv) is needed to determine the effective resistivity of the formation and the 
amount of fluid in the pore space. Since continuous measurements of Qv in the formation are 
difficult, the Dual-Water model provides a practical solution to the Waxman and Smits equation 
and eliminates the need for CEC (Coates, Boutemy, and Clavier 1983; Clavier, Coates, and 
Dumanoir 1984). Figure 2-16 shows water saturation differences between 10%-26% for the water 
resistivity range typical of the Monterey formation, underlining the need to use an appropriate 



























Brine Resistivity (Rw), Ωm
Archie
Waxman-Smits
Rw= 0.06 – 0.20 Ωm
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based petrophysical parameter. In the following, I discuss the problems associated with CEC 
measurements in cores containing organic matter and mineral constituents such as carbonates. 
2.5.3  Effect of Wettability on Electrical Properties of Rocks 
Wettability has significant influence on capillary pressure, relative permeability and fluid 
flow. It is a key factor in the location and distribution of interstitial fluids in porous media. 
Furthermore, distribution of the conductive brine determines the electrical resistivity of a core with 
the passage of electrical current through the core. A small effective cross sectional area and 
longer path through the saturating brine causes large electrical resistivity (Anderson 1986). 
Resistivity increases in the presence of nonconductive hydrocarbons in the pores; this increase 
largely depends on the hydrocarbon saturation, saturation history, and wettability as they control 
the location and distribution of each fluid in the rock. A water-wet system has a film of brine on 
the grain surfaces. In an oil-wet system, the brine can be discontinuous and resides in the center 
of the macropores. Thus, oil-wet systems are more resistive when brine saturation decreases. 
In Archie’s saturation equation, the saturation exponent n, is a dimensionless empirical 
parameter that is determined experimentally. This parameter is the rate at which the resistivity 
index changes as the interstitial brine saturation decreases. The value of the saturation exponent 
depends on the nature of the rock but is usually two for strongly water-wet rocks. Archie’s equation 
makes three implicit assumptions (Mungan and Moore 1968): 
 The saturation - resistivity relation is unique, 
 The saturation exponent is constant for a porous medium with conducting fluid, and 
 Only the interstitial brine contributes to the overall conducting path of the current. 
These assumptions are only valid when a reservoir rock is strongly water-wet because n 
depends on the distribution of the conducting phase (brine). It therefore follows that n depends 
on the wettability of the grain surfaces (Anderson 1986). For example, if the wettability of a rock 
is altered, the distribution of fluids within the pores would also be altered giving rise to a visible 
change in resistivity even though brine saturation remains constant. Thus, Archie’s equations are 
not unique for a water saturation-resistivity index relationship when wettability is altered 
(Anderson 1986). The saturation exponent can be considerably higher in oil-wet cores. In an oil-
wet system, the oil is located in the small pores and on the grain surfaces, while the conducting 
brine is at the center of the macropores. At high brine saturations, brine is continuous similar to 
the water-wet case, even though its location is different. The effect of wettability on the saturation 
exponent becomes more apparent at low brine saturations, because brine can become isolated 
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in the macropores of oil-wet systems. The isolation of the brine by the oil phase causes a reduction 
in the conducting path of the current. This gives a low saturation exponent (about 2) at high brine 
saturations, but at very low brine saturations (<35%) the values of n can be much larger than 10. 
This is not so for the water-wet case, since the reduction of brine to the irreducible water saturation 
still allows the film of grain coating water to conduct the current, thus keeping the saturation 
exponent relatively constant. This continuity in the water-wet system has been demonstrated 
experimentally by steady-state miscible floods (Anderson 1986). The saturation exponent is 
almost independent of wettability when the brine saturation is relatively high but the effect of 
wettability becomes very important at low brine saturations. Unless the reservoir is strongly water-
wet, the wettability should be measured on native core to determine that nature of this value, 
otherwise, in oil-wet reservoirs, the estimated interstitial brine saturation will be underestimated 
by Archie’s equation. 
2.6  Wettability in Monterey Porcelanite 
Wettability is used to describe the relative adhesion of two fluids to a solid surface (Tiab 
and Donaldson 2012). In a rock with two immiscible fluids, the measure of wettability accounts for 
the preferential tendency for one of the fluids to wet the grains. In the most general sense, there 
are 5 types of wettability states that can occur when considering multiple immiscible fluids in 
pores. The wettability of the system can be: strongly water-wet, strongly oil-wet, neutrally wet, 
fractionally wet or mixed wet (Tiab and Donaldson 2012). 
Strongly water or oil-wet systems have water or oil preferentially and homogeneously 
wetting the surfaces of pore walls. Neutral wettability implies that the grain surfaces have no 
preference for either oil or water in the pore space and can be described at 50%-50% wettability 
(Tiab and Donaldson 2012).  Sometimes however, oil or water can wet the pore walls in a non-
uniform way. Fractional wettability implies that some pore networks of a rock are preferentially 
wet with oil while other pore networks of the same rock are preferentially wet with water. Fractional 
wettability can occur when a rock is composed of minerals with different surface chemical 
properties (Tiab and Donaldson 2012).  Mixed wettability is usually ascribed to a rock whose 
smaller pores are water-wet while the larger pore is oil-wet. This condition occurs when oil 
containing interfacial active polar compounds invades the larger pores, displacing water and 
reacts with the surfaces of the larger pores. 
Many shales formations can be considered multi-mineral composites, whose wettability 
nature is influenced by each constituent mineral (for example, shales such as Marcellus, 
29 
 
Woodford, Haynesville) (Borysenko et al. 2009). The Monterey formation matrix is composed of 
a variety of minerals (namely, quartz, carbonate, plagioclase, pyrite, clay). These minerals have 
a different affinity for oil and brine. Furthermore, shales with organic content can become patchy 
oil-wet during maturation of organic matter. Since the coastal outcrop of the Monterey formation 
(Santa Barbara region) contains as much as 34% by weight organic matter (Behl 1999), an 
investigation of the wetting tendency of the Monterey formation grains as the formation undergoes 
thermal maturation is necessary. Exposure of the matrix grains to polar compounds likely due to 
the paraffin and asphaltene content in formation fluids can also effect the wetting nature of grains 
(Borysenko et al. 2009). One goal of this study is to investigate the control of mineralogy in quartz 
phase porcelanites on the fluid distribution of the rock. 
The wettability of grains has significant influence on the electrical resistance of a saturated 
rock. The electrical resistance of porous media largely depends on the proportion of fluid 
saturation (oil/water), saturation history and wettability, since these controls the actual location 
and distribution of the oil and water in the rock (Anderson 1986). In a water-wet system there is a 
film of brine on the grain surfaces while in an oil-wet system the brine is more discontinuous and 
resides in the center of the macropores. In an oil-wet system therefore we see a more resistive 
environment when the saturation of brine decreases, having a direct effect on electrical 
conductivity. One of Archie’s implicit assumptions for his water saturation equation assumes that 
the grains of the reservoir are water-wet (Worthington 2011). The water saturation models 
previously discussed are based on the assumption that the grains are water-wet. A mixed or 
fractional wettability of quartz phase porcelanite rock, would make the use of an Archie-type 
saturation model inaccurate for the Monterey. 
Due to the wide array of minerals, organic matter maturation, and paraffinic content in 
interstitial waters, fractional wettability is an area of ongoing research in the Monterey. In 
accessing the properties of the upper Monterey to evaluate CO2 injection as an enhance oil 
recovery technique, Montgomery and Morea (2001) reported wettability results obtained from 
work by deZabala (1999). deZabala (1999) describe conventional core analysis on samples from 
the Antelope shale (Figure 2-17), including mercury capillary pressure tests, Amott wettability 
tests and spontaneous imbibition recovery tests (Montgomery and Morea 2001; deZabala 1999). 
The deZabala (1999) experiments (see experimental details in Appendix A) showed that 
opal-CT zones in the Monterey formation exhibited moderately to strongly water-wet nature. This 
was confirmed by a large Amott index (+0.78) for samples in these zones. The sandstone samples 
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showed natural imbibition of both water and oil, indicating mixed wettability, however water 
imbibition was significantly higher (deZabala 1999). More data is needed in quartz phase 
porcelanite and siliceous shales, since they are among the most potentially important reservoir 
rock in the San Joaquin Basin. 
 
Figure 2-17: Stratigraphic Nomenclature of the Miocene Monterey Formation, Buena Vista Hills 
Field Area (From Montgomery and Morea 2001). 
 
Wettability in shales has been recently investigated with dielectric spectroscopy 
(Borysenko et al. 2009). Dielectric microscopy is a promising method to map surface properties 
in the nanoscale regime of heterogeneous samples and thus has been chosen as the technique 
to map out different fluids in Monterey porcelanite in this study. Ambient conditions spontaneous 
imbibition tests on “as received” porcelanite samples was conducted. These samples were from 









Chapter 3: SAMPLE DESCRIPTION AND CHARACTERIZATION METHODS 
The following chapter describes the Miocene Monterey sample set used in this study, 
along with an explanation of each laboratory technique used and pertinent models used to 
characterize Monterey porcelanite from the San Joaquin Basin. Sample set description can be 
found in Section 3.1. The experimental methods used can be found in Section 3.2. 
3.1  Monterey Porcelanite Samples 
The samples used in this study are from the western flank and central part of the southern San 
Joaquin Basin (SJB). Figure 3-1 shows the location of the sample sets. The central SJB sample 
set is deeper than the western SJB set and both differ in mineralogy content. Samples from the 
central and western SJB were selected from drilled conventional core and core plugs were taken 
at Core Lab facilities in Bakersfield, CA. 
 
Figure 3-1: Monterey samples from the western and central part of the San Joaquin Basin. Map 
adapted from USGS (2007). The black ovals mark sample locations in the basin and black line 
shows a rough location of the cross-section schematic on left. 
 
Table 3-1 and Table 3-2 give an inventory of the data available for both sample sets 





the western region and 15 samples from the central region of the basin. TOC, XRD, MICP, 
porosity, saturation (Dean Stark) and permeability measurements were provided on select 
samples. Wireline data and limited fluid analysis for select intervals were also available. All 
samples were measured in an “as received” state in this study. Figure 3-2 shows the mineralogy 
ternary diagram of the combined sample set used in this study. The samples used where mainly 
quartz and clay rich. Some samples contained high percentages of calcite and dolomite. 
 
Figure 3-2: Mineralogy of sample set used in this study. Porcelanite samples used were mainly 
quartz and clay-rich, while some samples where dolomite-rich. 
 
Table 3-3 and Table 3-4 show mineralogy content by X-ray diffraction (XRD) for Monterey 
porcelanite in both the central and western SJB data set, respectively. Table 3-3 and Table 3-4 
show the percentage of quartz, plagioclase, K-feldspar, calcite, dolomite, siderite, pyrite and clay 
minerals. The overwhelming majority of samples in the central SJB data set contain mainly quartz 
and clay with moderate proportions of plagioclase. There is much less clay in the western SJB 
sample set; the most abundant mineral is still quartz with some carbonate minerals. Pyrite, in 
varying proportions is a common mineral in both data sets. A couple of samples from the central 
SJB are in the opal-CT silica phase. No XRD data is available for those samples, but additional 
laboratory methods confirmed their silica phase as opal-CT. The main clay type in both sample 
sets is the illite/smectite mixed layer members, followed by illite and some kaolinite. There is no 
chlorite in these samples. 
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Table 3-1: Data available for the porcelanite samples. Green box with "x" denotes data are 







Measurements Performed by Outside Vendors 










1 Western 12 x x x x x x x 
2 Western 24 x - x x x x - 
3 Central 10 x x x x x - - 
4 Central 6 - - - x x - - 
5 Central 4 - - - x x - x 
 
Table 3-2: Additional data acquired for the porcelanite samples in this study. "X" denotes data 













1 Western 12 x x (Select) 
x 
(Select) 
2 Western 24 x x (Select) 
x 
(Select) 
3 Central 10 x x (Select) 
x 
(Select) 
4 Central 6 x x (Select) 
x 
(Select) 






Table 3-3: Central San Joaquin basin Monterey formation mineralogy. The main matrix forming 
minerals are quartz and clay with minor amounts of plagioclase. 









1 37.3 7.9 1.3 0 0.3 1.5 7.8 43.8 
2 28.7 7.9 0 0 1 3.4 9.5 49.5 
3 32.1 8.3 0 0 0.5 2.6 9.2 47.3 
4 35.5 10.4 1.7 0 0.4 3.2 11.7 37.2 
5 29.2 16.4 3.2 0 0.7 3.4 6.9 40.3 
6 37.8 11.5 1.8 0 0 2.8 8.7 37.4 
7 44.4 13.9 2.4 0 0.5 1.6 8.4 28.9 
8 45.7 9.9 1.6 0 0.3 1.2 8.7 32.7 
 
 
Table 3-4: Western San Joaquin basin Monterey mineralogy. The main matrix forming mineral is 
quartz, with moderate amount of clay and carbonate minerals. 









1 79.3 1.2 3.4 0 1.9 0 3.4 10.7 
2 9.4 0 0 85 4.8 0 0.8 0 
3 84.7 0.6 1.7 0 0.5 0 2.3 10.3 
4 86.4 0.8 1.7 0 1 0 2.4 7.6 
5 71.5 3.5 5.4 0 2.2 0 4.4 13 
6 59.2 1.8 4.1 15.5 4 0 4.3 11.1 
7 25.2 0 0.9 1.7 69.3 0 0.7 2.2 






3.1.1  Source Clays 
For comparison, I used end-member clay samples. These were obtained from the Clay 
Mineral Society were: Wyoming montmorillonite (SWy-2), high-defect Georgia kaolinite (KGa-2), 
Montana Illite (IMt-1), and Czechoslovakian illite-smectite mixed layer (ISCz-1).The clay minerals 
were chosen because they are common to Monterey porcelanite rocks in both the western and 
central regions of the San Joaquin Basin. 
These are natural samples and but they do have traces of contaminating minerals. All of 
these samples were studied in an “as received” state. However, they were desegregated (if intact) 
and sieved trough a 40 mesh sieve (to stay consistent with the desegregated morphology chosen 
for the porcelanite) (Kuila 2013).They will be referred to by their Clay Mineral Society naming in 
this thesis. 
3.2  Sample Set Characterization Methods 
The following section is a description of the laboratory methods used to characterize the 
porcelanite samples. Table 3-5 shows an overview of the desired research objective, the 
instrumental technique used and how it was applied in connection to the objective. 
Table 3-5: Research objectives, laboratory techniques used and their application in this study. 
Objective Technique Application 
1) Identify Oil Bearing 
Lithologies 
2D Dielectric Microscopy Oil/Brine Saturations 
QEMSCAN® 2D Mineralogy Distribution 




2) Identify Saturation 
Model Parameters 
Cation Exchange Capacity 
(CEC) 
Clay Conductivity 
BET Specific Surface Area 








Figure 3-3 depicts an overview of the laboratory measurements conducted in the 
petroleum department and those measured in collaboration with other departments at CSM. The 
external measurements were made by commercial laboratories or were available from Venoco, 
Inc. 
 
Figure 3-3: Laboratory methods used to study Monterey porcelanite samples. 
 
3.2.1   Method: Dielectric Microscopy 
This section will present the reader with an overview of dielectrics and the physical 
phenomena behind the instrument and technique used. Furthermore, this section will also present 
how it was used on Monterey porcelanite sample. 
3.2.1.1 Dielectric Microscopy Overview 
The dielectric constant, or relative permittivity, is a property of an insulating material. It is 
the ability of a material to store charge in an electric field. This property can be very useful in 
porous media with different reservoir fluids. Oil, gas, water and matrix minerals commonly found 
in reservoir rock all have different relative permittivities (relative to free space). Dielectric 
microscopy has been and is evermore becoming an applicable concept in downhole logging tools. 
Relative permittivities of oil molecules are around 2, they range between 50-80 for water 
molecules, and range between 5-9 for mineral framework molecules. Table 3-6 presents the 
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difference in some of the minerals common to the Monterey (Parkhomenko 1967). Due to the high 
contrast in dielectric constants between oil, water and matrix minerals, a direct measurement of 
water content can be made with dielectric spectroscopy. This allows for the estimation of water 
saturations with independent a priori knowledge of porosity.  Dielectric log data would theoretically 
be insensitive to formation thickness, formation salinity, oil viscosity and clay content, factors that 
continue to make log interpretation in the Monterey very difficult. 
Table 3-6: Dielectric constants of rock forming minerals in the Green River Shale (Parkhomenko 
1967). 














3.2.1.2 Application to Porcelanite Samples 
Porcelanite samples from the lower McDonald Shale and Devilwater member of the 
Monterey formation were used for a spontaneous imbibition experiment.  The sample conditions 
were on an “as received” basis. Details of the imbibition experiment procedure as well as the 
instruments used in this study are outlined in Appendix A.  The dielectric microscopy technique 
was made in collaboration with the Physics department (Dr. Nathan Greeney and Dr. John 
Scales). A synopsis of the measurement is given below 
Spontaneous imbibition tests were performed at ambient temperature and pressure 
conditions. As described earlier, dielectric microscopy scans of the samples allowed us to assess 
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the relationship of fluid distribution with that of the mineralogy of porcelanite. Figure 3-4 shows 
the instrument schematic and a picture taken during actual sample scanning. 
The experimental set up uses a millimeter wave vector network analyzer (MVNA) to 
generate centimeter waves of a frequency range between 8 – 18 GHz. These waves are then 
passed through a harmonic multiplier (HM) and converted into millimeter waves of a frequency 
range between 30-300 GHz. These waves are then guided to a scalar horn (SH). These are 
polarized corrugated conical horn antennas, and they give forward an axially symmetric radiation 
pattern and removes cross polarization (Greeney and Scales 2007). The waves then travel from 
the scalar horn and into Teflon cones (TC). These Teflon probes are placed within a millimeter of 
the surface of the sample Figure 3-5. Teflon is the material of choice for the near field probe 
because of its low attenuation at these frequencies. 
 
Figure 3-4: (Left) Experimental set up of the dielectric microscopy technique (Greeney and 
Scales 2007). (Right) Picture taken during scanning. 
 
As shown in Figure 3-4, reflected waves (R) go back through the Teflon cone and scalar 
horn (Figure 3-5) and into a harmonic detector (HD). The transmitted wave is coupled to a Teflon 
cone (TC) on the other side of the sample. The wave is further coupled to a receiving scalar horn 
(SH). The wave then travels to a harmonic detector (HD) which is driven by an oscillator. 
The sample is held by a Teflon holder (TH) with a circular opening and is connected to 
two linear motors (Figure 3-6). The planner sample is held tightly by two Teflon screws (Figure 




Figure 3-5: Conical Teflon probes guide the millimeter wave to the sample. These probes are 
coupled to scalar horns which allow transmission-mode and reflected-mode waves (Weiss et al. 
2009). 
 
In transmission-mode, the electromagnetic waves penetrate the sample. The phase and 
amplitude of the wave will be perturbed in direct relation with the local index of refraction. If the 
thickness of the sample is constant, a 2D spatial map of the local changes in index of refraction 
can be made. 
 
Figure 3-6: (Left) Empty Teflon holder. (Right) Teflon screws secure the sample in place as it is 
scanned. 
 
The relationship between transmitted wave phase and changes in index of refraction can 
be made using the following equation,δϕ =
2πd
λ
δn, where δϕ is the wave phase change, δn is the 
changes in index of refraction and λ is the wave wavelength and d is the sample thickness. Further 
details of this instrument and calibrations done on granite, oil shale and pure materials can be 
investigated in (Greeney and Scales 2007; Weiss et al. 2009; Scales and Batzle 2006a). 
40 
 
3.2.2  Method: Quantitative Elemental Mineralogy Scanning and FESEM 
This section will present the reader with an overview of QEMSCAN (Quantitative 
Evaluation of Minerals by Scanning Electron Microscopy) and the instrument and technique used 
in this study. Furthermore, this section will also present how it was used on Monterey porcelanite 
samples. 
3.2.2.1  QEMSCAN and FESEM Overview 
The X-ray diffraction method, often used to quantify the bulk rock mineralogy, does not 
quantify the spatial distribution of those minerals in a rock sample. QEMSCAN® (Quantitative 
Evaluation of Minerals by Scanning Electron Microscopy) is a micro analysis system that makes 
quantitative chemical analyses of rock samples and gives high resolution 2D mineralogy and 
porosity maps (Ayling et al. 2011). Quantitative information of a sample surface include mineral 
distribution, composition, fabric, texture, organic matter distribution and porosity quantification 
(Ayling et al. 2011). This technique uses a scanning electron microscopy platform and uses x-ray 
spectrometers. The instrument uses measured backscattered electron and electron-induced 
secondary X-ray spectra to identify mineralogy. The QEMSCAN ® instrument used is the Carl 
Zeiss EVO 50, equipped with four Bruker X275HR silicon drift X-ray detectors. All data was 
processed using the iMeasure-iDiscover® software, made by FEI Inc. The QEMSCAN can be a 
maximum of a 10cm by 10cm strip on the surface of the sample. 
3.2.2.2  Application to Porcelanite Samples 
Four energy dispersive X-ray spectrometers were used with a beam stepping interval of 6 
µm for mineralogy and 2 µm for porosity. These step sizes (spacing between acquisition points) 
provides good detail for the mineralogy and porosity and were used to it provide elemental 
variation across microfractures. 
Each sample was mounted on a 30 mm epoxy mounts, ground and polished to obtain a 
flat surface for X-ray analysis. These polished epoxy mounts were carbon coated to establish an 
electrically conductive surface. The samples were them loaded in to the Carl Zeiss EVO 50 
instrument. QEMSCAN strips for mineralogy and porosity were obtained to investigate the 
relationship between imbibed fluids and mineralogy. 
Field-emission scanning electron microscope (FESEM) was used to investigate the 
texture of Monterey opal-CT and quartz phase porcelanite. The samples were coated with carbon 




3.2.3  Method: Thermal Gravimetric Analysis (TGA) 
This section will present the reader with an overview of TGA (Thermal Gravimetric 
Analysis) and the instrument and technique used in this study. Furthermore, this section will also 
present how it was used on Monterey porcelanite samples. 
3.2.3.1 TGA Overview 
Preheating temperature of porcelanite samples was of key significance in this study. The 
surface area and pore-size distribution measurements required riding the sample of any water 
molecules on the surfaces (Kuila 2013). Since a couple of the samples measured in this study 
are in the opal-CT silica phase, and heat treatments could alter the opaline minerals. The samples 
also contained high proportions of expandable clays and organic matter. For these reasons, I 
performed thermal gravimetric analysis to evaluate the mineral sensitivities to a wide temperature-
treatment program.  
 
Thermal gravimetric analysis is an experimental technique in which the weight of a sample 
is measured as a function of temperature or time (Gabbott 2008). The weight loss or gain of the 
sample, as the temperature increases can be due to many factors. Primary causes are due to 
evaporation of volatile constituents, desorption or adsorption of gases, loss of moisture, loss of 
water of crystallization and thermal decomposition of organic substance (pyrolysis) (Gabbott 
2008). A complete TGA analysis can thus reveal information about water content, volatile 
compounds, and organic maturity. 
 
I used a SSC/5200 Seiko model for the TGA analysis (Figure 3-7). This instrument has a 
horizontal arrangement set-up that uses a micro-balance. The weighting error associated with this 
instrument is small; less than 0.001mg (1µg). 
 
There is a buoyancy correction associated with the sample holder (crucible), must be 
accounted for in the measured weight loss. With higher temperatures, there is a drop in the density 
of the atmosphere gas (Nitrogen), and this makes the sample appear to gain weight during heating 




, where ρo is the density of the atmosphere gas at a reference temperature To, and T is 




Figure 3-7: SSC/5200 Seiko TG/DTG instrument similar to the instrument used for thermal 
analysis of porcelanite samples. 
 
a blank crucible at the same temperature program. The resulting data from the blank crucible is 
called a “baseline” and it is subtracted from sample measurement curve (Gabbott 2008). 
3.2.3.2 Application to Porcelanite Samples 
There are a few considerations when preparing a sample for TGA. The sample should be 
changed as little as possible and should not be contaminated before the test (Gabbott 2008). The 
porcelanite samples were thus run in an “as received” state. 
 
The morphology can affect the diffusion rate of reaction and the heat transfer within the 
sample. The reaction is faster in finely powdered samples because the gaseous reaction products 
are expelled much faster than from a whole core sample (Gabbott 2008). Desegregated samples 
were required for other measurements in this study, and thus a powdered sample state was 
chosen to stay consistent with the sample morphology used. The samples in this study were 
desegregated to below 40 mesh (0.4mm) sieve size (Kuila, 2013). 
 
The sample mass used should be enough to get acceptable precision from the Seiko 
instrument. The sample mass can influence the rate of weight loss because of the diffusion and 
heat transfer processes that occurs during the experiment. Based on the loading mass acceptable 
for this instrument, a sample mass between 10-15 mg was used for all Monterey samples. 
The difference between measured temperature and actual sample temperature is dependent on 
the heating rate used. The heating rate used in this study, 10o
C
min
, is consistent with heating rates 
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commonly reported in literature for heterogeneous mudrock samples (Scales and Batzle 2006b; 
Środoń and McCarty 2008; Kuila 2013). 
 
Once loaded, the samples were purged with reagent grade nitrogen gas (99.99% pure) at 
a flow rate of 50ml/min. The nitrogen serves a couple of purposes, first it protects the inner 
chamber from corrosive gases that may evolve from the sample (i.e. carbonic acid). Second, 
nitrogen also removes the gaseous reaction products from the furnace chamber. 
3.2.4  Method: Cation Exchange Capacity 
This section will present the reader with an overview of CEC (Cation Exchange Capacity) 
and the technique used in this study. Furthermore, this section will also present how it was used 
on Monterey porcelanite samples. 
3.2.4.1 Cation Exchange Capacity (CEC) Overview 
Clays have large surface areas as compared to other minerals of similar size. Due to this 
large surface area, the charge density becomes a very important parameter for clays. As 
described in Chapter 1, clay surfaces have a negative surface charge that attracts and binds ions 
and water molecules. A clay mineral introduced into a solution rich in a particular cation may 
exchange its adsorbed cation with the cation in solution possible with a different charge valance. 
This cation exchange between the fluid and the clay surfaces depends on temperature, cation 
concentration in solution, pH, size and charge of the cation, the energy of hydration of the cation, 
and the amount and distribution of the layer charge of the clay mineral (Moore and Reynolds 
1997). By measuring the amount of cations freed from the clay surface, and replaced by other 
cations in a concentrated solution, we can get an indication of the negative charge on the clay 
layers and a measure of the cation exchange capacity (CEC) (Moore and Reynolds 1997). The 
cation mobility described by CEC affects electrical conductivity (Revil et al. 2013) and is a valuable 
parameter to interpret resistivity logs. One of the goals of this thesis was to develop relationships 
between CEC and specific surface areas for the Monterey porcelanites. 
3.2.4.2  Application to Porcelanite Samples 
The cation exchange capacity measurements on Monterey porcelanite samples were 
done by an outside laboratory. The following is a description of the method and technique used 
by the laboratory. The cation exchange capacity was measured using Co(III) − hexamine3+  with 
the spectrophotometric technique according to Bardon et al. 2001. Monterey porcelanite samples 
(1.5-2g) were pre-dried at 110°C and mixed with 25 mL of prepared Co(III) − hexamine3+ Chloride 
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solution with pH of around 7. A standard sample was mixed with 100% stock solution to ensure 
proper calibration. The sample tubes were centrifuged at 11,000 RPM for about 12 minutes and 
subsequently sonicated for 5 minutes. Finally, the absorbance was measured with a 
spectrophotometer. The spectrophotometer is set to measure the absorbance of the supernatant 
solution at a 470nm wavelength. The absorbance of the supernatant solution depends linearly on 
the concentration of [Co(NH3)6]
3+ (Derkowski and Bristow 2012). 
CEC is determined from spectroscopic measurements of the porcelanite samples based 






), where v represents the valance of the 
cation used (3+), Cst the concentration of the supernatant solution, Vst the volume of the 
supernatant solution, MCoH the mass of the Monterey sample, Absst the measured absorbance of 
the stalk solution alone and  AbsCoH the measured absorbance of the supernatant solution with 
the porcelanite samples (Derkowski and Bristow 2012).The lower limit of CEC detected by this 
method is normally 0.5 
meq
100g
 and the standard deviation is about 1.4 
meq
100g
 (Derkowski and Bristow 
2012). With the specific instrument used, values under 2 
meq
100g
 are not reliable and were not taken 
into account. Regardless of the maturation, organic matter does not significantly contribute to the 
bulk rock CEC when the rock is preheated to 110°C (Derkowski and Bristow 2012). Heating the 
Monterey samples to a higher temperature, can potentially cause physicochemical reactions that 
may form negatively charged sites on the kerogen (Derkowski and Bristow 2012). Monterey 
samples in this study were thus pre-dried to 110°C 
3.2.5  Method: Nitrogen Gas Adsorption 
The following presents the theory of nitrogen gas adsorption as used on porous materials 
and the inversion models used to obtain specific surface area and pore size distribution. 
Furthermore, the Accelerated Area and Porosimetry System (ASAP®) is presented and 
described, as its application to porcelanite samples. 
3.2.5.1 Traditional Methods to determine Specific Surface Area 
The Monterey porcelanite rocks are mineralogically complex consisting of quartz, 
plagioclase, feldspars, carbonate cements, clay minerals, organic matter, and minor amounts of 
siderite and pyrite (Chapter 3, Table 3-3 and Table 3-4). The organic matter and clay minerals 
have an effect on the measurement techniques and thus warrant an understanding of the 
technique used and its applicability on rocks such as porcelanite. 
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Two widely used methods to determine the surface area of sedimentary rocks are the 
ethylene glycol and the ethylene glycol monoethyl ether (EGME) methods (Carter et al. 1986). 
Polar EGME molecules access the clay surfaces in much the same way water molecules and 
cations access the clay surfaces in the subsurface (Carter et al. 1986).  Note that any polar 
molecule can replace EGME (e.g. water, ammonia, polyvinylpyrrolidone) (Derkowski and Bristow 
2012). Furthermore, similar to water, these are polar molecules that can strongly adsorb and 
penetrate into the interlayers of the clays, thus giving an estimate of the total surface area of a 
sample. 
The EGME method has been used extensively since it has few methodological and 
technical limitations (Derkowski and Bristow 2012). It has higher vapor pressure at room 
temperature than ethylene glycol, allowing it to achieve monomolecular equilibrium faster. It is 
also more precise than ethylene glycol because handling errors are reduced (Carter et al. 1986). 
Using an experimentally derived value to EGME adsorbed per unit surface area (2.8 m²/g), the 
total surface area of a sample can be estimated from the mass of EGME vapor retained by a dry 
sample. 
Is the EGME method suitable for organic rich rocks like the Monterey? Chiou and Kile 
(1994) found that organic matter reacts with the polar EGME molecules by dissolving the organic 
matter into macromolecular compounds. This partitioning let to the overestimation of surface 
areas. Larsen et al. (2002) found that Type I and Type II kerogen react with EGME even at 
different degrees of kerogen maturation. Derkowski and Bristow 2012 reported that immature 
kerogen reacts more strongly with EGME than does mature kerogen, but all organic matter in 
shale samples reacted to some extent with EGME. The organic matter in the Monterey samples 
is probably a combination of heavy bitumen and kerogen that may react in different degrees with 
the EGME molecules, giving values of surface area that are larger than those expected from the 
mineralogical composition (Derkowski and Bristow 2012). This method is generally not 
recommended for rocks with more than 3% by weight organic matter, or a low smectite equivalent 
content (Derkowski and Bristow 2012). 
The EGME method is severely limited in determining surface area in organic-rich rocks 
because of its reaction with organic matter. Other polar molecules will most probably be 
confronted by the same limitation (Derkowski and Bristow 2012). Contrary to EGME, nitrogen gas 
does not seem to dissolve organic matter and has been recommended over EGME for organic-
rich soils, coal, and organic polymers (de Jonge and Mittelmeijer-Hazeleger 1996). 
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Therefore, in an attempt to evaluate BET specific surface area measurements as suitable 
substitute to the EGME-derived specific surface area, I used both methods to investigate a 
suitable method for quantifying this property in the mineralogically complex Monterey 
porcelanites. The goal was to establish relationships between CEC and surface area that can aid 
in understanding low electrical response and establish a potential substitute for CEC from easier 
and reliable surface area measurements. The next section will present an overview of the theory 
of Nitrogen gas adsorption from which BET specific surface area and pore size distributions can 
be derived. 
3.2.5.2 Theory of 𝑵𝟐 Gas Adsorption and ASAP® 2020 
Adsorption is the enrichment of one component in an interfacial layer (Pierotti and 
Rouquerol 1985). Adsorption can occur as either physisorption or chemisorption. Physisorption 
occurs when an adsorbable gas, the adsorptive, is brought into contact with a solid surface, the 
adsorbent. Once the gas is adsorbed on the surface of a solid, it is called the adsorbate. The 
forces involved here include attractive dispersion forces, specific molecular interactions such as 
polarization, field-dipole and field gradient-quadruple forces (Pierotti and Rouquerol 1985). When 
the gas molecules penetrate the surfaces of the sample, the term absorption is used. Many times 
it is impossible to distinguish between both phenomena and the term sorption is used which in 
general encompasses both phenomena. Desorption is the reverse process in which the amount 
of molecules adsorbed decreases (Pierotti and Rouquerol 1985). The relation between the gas 
volume adsorbed on a sample versus the relative pressure of the gas phase at constant 
temperature is known as the adsorption isotherm. 
Physisorption in meso and macro pores occur in a two-step process. In an ideal case, the 
initial monolayer to multilayer adsorption is followed by capillary condensation. Monolayer 
adsorption indicates that a single layer of molecules is in contact with the surface of the adsorbent 
(Pierotti and Rouquerol 1985). Multilayer adsorption denotes that more than one layer covers the 
surface of the adsorbent, so that not all molecules are in direct contact with the pore walls (Pierotti 
and Rouquerol 1985). Capillary condensation occurs on completion of multilayer adsorption when 
the residual pore space is filled and liquid menisci forms which separates the adsorbed phase 
from the gas phase (Figure 3-8). Physisorption experiments can be done at different temperature 
and pressure conditions; higher pressure and lower temperatures will make the experiments 
faster and more accurate. Gas adsorption experiments provide valuable information of pore 




Figure 3-8: Monolayer, multilayer adsorption to capillary condensation on a mesoporous 
sample. Modified figure from Micromeritics.com. 
 
N2 gas adsorption experiments were conducted on Monterey porcelanite samples with a 
Micromeretics ASAP™ 2020. These experiments were conducted below the critical point of the 
gas to allow determination of the pore structure from capillary condensation at increasing 
pressures. Gas adsorption experiments can also be conducted at super critical conditions, which 
would allow the gas to be in supercritical condition. This however would not allow for the 
determination of pore size distribution since the super-critical gas would not condense (Kuila 
2013). The Micromeretics ASAP™ 2020 instrument uses a discontinuous static volumetric 
method to determine the amount of nitrogen gas that is adsorbed on the surface of a sample at 
given pressures. Two to three grams of sample were loaded on a sample tube and degassed at 
110°C for 12-16hrs under vacuum (<10 µm Hg) before the analysis was conducted. The sample 
was kept under the degas phase until the out-gassing rate was below 0.010 Torr/min over a 900 
sec interval. This was usually met after 12 hours of degassing, but some higher clay content 
samples required up to 16 hours. After the outgas rate reached below 0.01 Torr/min, the sample 
was deemed fit for analysis. The sample tube was weighed and the empty tube mass subtracted 
for an estimate of the sample mass. The sample tube was then placed under analysis and the 




Figure 3-9: Micromeritics Accelerated Surface Area and Porosimetry System (ASAP 2020). 
Figure from Micromeritics.com. 
 
measured in a series of controlled doses of Helium (reagent grade 99.99% pure) under room 
temperature and under submerged cryogenic liquid nitrogen temperature (77 K). Once the dead 
volume of the sample tube is determined, the analysis begins by dosing nitrogen on the clean 
sample. The molar quantity of nitrogen is predetermined from temperature and pressure in a 
calibrated manifold using the real gas equation of state. The nitrogen gas is then dosed (released) 
to the sample and allowed to pressure equilibrate. When the pressure change per time interval is 
less than 0.01% of the average pressure in that time interval, this pressure is recorded. The 
amount of gas adsorbed is determined by subtracting the molar quantity of gas initially dosed on 
the sample and the molar quantity of nitrogen that remains in the gas state after pressure 
equilibration. The amount of nitrogen adsorbed is measured at discrete pressure increments over 
the saturation pressure of the liquid nitrogen, from 0.0075 to 0.995 at constant temperature. The 
saturation pressure is determined about every couple hours from the vapor pressure thermometer 
that is inserted into the liquid nitrogen. 
The experiment increases the pressure up to the saturation pressure of nitrogen and is 
followed by a reduction of pressure and the data is reported as an adsorption branch and 
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desorption branch respectively. These branches are reported on graphs that plot volume of 
adsorbed gas (cm³/g) on the y axis versus relative pressure (P/Po) on the abscissa. 
3.2.5.2.1 BET Specific Surface Area Determination 
Nitrogen gas adsorption to determine surface area can use nitrogen, ethane, water, CO2, 
ammonia and other gases as probe molecules. Brunauer, Emmet and Teller (BET) (1938) derived 
an equation from multimolecular adsorption theory that would determine the number of adsorbate 
molecules in a monolayer. This is known as the monolayer capacity. Specific surface area is 
related to the monolayer capacity of a sample nm. The monolayer capacity of a sample is defined 
as the amount of adsorbate needed to cover the surface of the sample with a monolayer of 
molecules (Pierotti and Rouquerol 1985). Surface area can be calculated from the monolayer 
capacity nm of a sample, using the following relationship, As = nm
a Lam, where am is the cross-
sectional area of each probe molecule, L the universal Avogadro number (6.023*1023), and nm
a  is 
the monolayer capacity, in moles, and must be experimentally derived for samples of interest.  
The molecular cross sectional area of nitrogen is 0.162 nm² at negative 197º C. The relative 
pressure range (  
P
Po
  ) in which a monolayer is expected to form is between 0.05 to 0.35. The 
monolayer capacity can be determined by inverting the adsorption isotherm. The BET equation 







P ∗ (C − 1)
VmCPo
 
Where the V is the gas volume adsorbed on the surface of a sample at pressure P. Po is the gas 
saturation pressure determined from the measured temperature of the liquid nitrogen. Vm is the 






, E1 is the heat of adsorption of the first layer of adsorbate, E2 is the heat of liquefaction of 
the gas. R is the universal gas constant and T is absolute temperature (Carter et al. 1986). 
The BET equation takes the assumption of dynamic equilibrium, meaning that at 
equilibrium pressures, the rate of condensation on the surface of the samples is equal to the 
evaporation rate from the surface (Carter et al. 1986). If the 
P
V(Po−P)




then the volume of gas required to create one monolayer of adsorbate (Vm) can be determined 
from the intercept and slope. This is the method used by the BET equation to determine the 
monolayer capacity of a sample. 
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3.2.5.2.2 Pore Size Distribution Determination 
The nitrogen isotherms are inverted to determine the pore size distribution of the Monterey 
porcelanite samples. There are two types of inversions techniques that determine pore size 
distribution from the raw isotherm data. These two techniques are the Barrett-Joyner-Halenda 
(BJH) and the Density Functional Theory (DFT) techniques. The BJH model is based on the Kelvin 
model, while the DFT model relies on a statistical thermodynamic foundation. Even though the 
DFT model is very popular because of its ability to fit experimental data, it should not be used to 
model the pore sizes in mudrocks with a broad range of mineral constituents and organic content 
(Kuila 2013).This is because it is not reliable to model the gas-solid interaction with samples of 
this mineralogical complexity. The BJH model is recommended by Kuila 2013, for the inversion 
of isotherms to obtain the pore size distribution in mesoporous mudrocks. Because the Monterey 
samples analyzed in this study are primarily mesoporous, the BJH model is used in this study to 
study the Monterey porcelanite pore structure. 
The specific surface area and specific pore volume are unambiguously defined as total 
surface area and total pore volume normalized by sample mass, but the pore size distribution can 
be defined and represented in different ways (Klobes 1999). But which pore size distribution plot 
is more representative of the Monterey porcelanite pore structure? There are four types of plots 
that can be obtained from the inversion of the isotherms. They are: cumulative specific pore 
volume versus pore size (ΣiΔVi), incremental specific pore volume versus pore size (ΔVi), 
differential pore volume versus pore size 
dVi
dDi




The pore volume increments ΔV are assigned to particular pore width intervals, and the 
sum of all volume increments are plotted versus pore diameter. In gas adsorption, small pores 
are filled first at low pressure and so the cumulative pore volume curve is expected to increase at 
larger pressure and diameters for the adsorption branch. The abscissa of the pore size distribution 
graph, can linear or can be a logarithmic scales, Figure 3-10 Shows the cumulative pore volume 
curve from a desorption branch of nitrogen isotherm on a calibrating medium (Tac gel) at 77 K. 
The top figure shows a linear abscissa while the bottom figure shows both a logarithmic abscissa 
and a logarithmically transformed coordinates, which changes the abscissa ranges. The use of 
log10 scale or the natural logarithm is preferred as it allows a convenient presentation of a wide 
range of diameters that are found in rock samples (Klobes 1999). 
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The use of a log10 scale on the abscissa does not indicate a real coordinate transform, 
and only serves as visual presentation. The general trend of the pore size distribution will coincide 
regardless of the use of linear or logarithmically spaced abscissa Figure 3-10. The cumulative 
specific pore volumes can be plotted versus pore diameters, and it is simply the partial sums of 
the pore volume measured at specific pore diameter increments, but this type of plot does not 
adequately demonstrate the model pore size (Klobes 1999). 
The pore size distribution can be demonstrated as an incremental pore volume plotted 
versus pore diameters, but since there is more pore volume accumulated in larger pore radius 
intervals, even in a very evenly distributed pore volume. The pore size distribution represented in 
this way relies on the experimental point spacing (Klobes 1999).Therefore there tends to be an 
over-emphasis of larger pores in this plot. To mitigate the error of point spacing, the incremental 
ΔV value can be normalized by the corresponding diameter or radius interval Δr (Klobes 
1999).The pore radius and diameter can equally be used since the BJH model assumes a 
cylindrical pore. This is the differential pore volume 
dvi
dDi
 versus pore size plot. The physical unit of 
this representation is 
cm3
g∗nm
 which can be called the pore volume density or the pore volume 
associated with a pore radius of 1nm (Klobes 1999). If the 
dvi
dDi
 plot is plotted with a linear ordinate 
and abscissa, the area under the curve is proportional to the partial pore volume for that specific 
pore interval. This form of representation eliminates the irregular point spacing that 
overemphasizes the larger pores. The values of this curve represent the slopes of the cumulative 
pore volume curve in the corresponding diameter ranges. Furthermore, this pore size distribution 
curve is the recommended curve by the International Union for Pure and Applied Chemistry 




. This plot has a different shape and implies a different pore size distribution when 




Even though the unit for this curve is 
cm3
g
, it cannot be compared to the cumulative or the 
incremental pore volume curves. For bimodal and multimodal pore sizes, the 
dvi
dDi




curve representation will give slight emphasis for different pore sizes. Mathematically these two 
plots cannot be compared, but both curve contain the same information which can be seen only 




Figure 3-10: (Top) Cumulative pore volume of Tac gel, N2 at 77 Kelvin, linear abscissa. 
(Bottom) Cumulative pore volume of Tac, N2 at 77 Kelvin, logarithmic and logarithmically 
transformed abscissa (Klobes 1999). 
 
The area under the curve for this plot, with a log scale abscissa, is proportional to the 
partial porosity for that diameter interval (Klobes 1999). The values of the 
dVi
dlogDi
 plot exceed the 
total pore volume, therefore, in order to obtain true partial porosity values, an integration over the 
liner log10D axis should be made (Kuila, 2013). Since the pore space of rocks is better 
represented in with a log scale abscissa, it is recommended that the pore size distribution is 
displayed using the 
dVi
dlogDi
 plot (Kuila, 2013). The pore size distributions for the Monterey samples 
are schematically shown as log differential pore volume  
dVi
dlogDi
 versus pore size. 
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3.2.5.2 Application to Porcelanite Samples 
The Monterey porcelanite samples contain clay minerals which contribute most of the 
inorganic surface area (Table 2-3) (Carter et al. 1986). Kaolinites and chlorites are non-expanding 
layered silicates and only have external surface area. Expanding layered silicates, such as 
smectite, are very common in the Monterey formation rocks. They have external and internal 
surface areas that combine to large total surface areas (Carter et al. 1986). 
Total surface area experiments measurements measure the accessibility of molecules or 
cations to both the internal and external surface areas of materials. The accessibility of molecules 
or cations to clay structures depends on the attractive forces between clay platelets and the 
probing molecules as compared to the attractive forces between the clay platelet themselves 
(Carter et al. 1986). The following section describes the various considerations taken for the 
application of nitrogen gas adsorption technique on porcelanite samples. 
3.2.5.2.1 Sample Morphology: Desegregated or Chip Form? 
Since the use of nitrogen adsorption for the quantification of pore structure on mudrocks 
is in its infancy, there are many fundamental questions regarding the procedure used for 
mudrocks such as Monterey porcelanite. One fundamental question was whether the experiment 
should be done on intact core samples or if the samples should be crushed. The matrix 
permeability of the Monterey is very low (<0.1md) and the diffusion and equilibration of nitrogen 
probe molecules becomes nearly impossible when a large volume of sample is being analyzed 
(Kuila 2013).The Gas Research Institute (GRI) has recommended that core measurements on 
mudrocks be done on crushed samples (Luffel and Guidry 1989; Kuila 2013). Crushing the 
sample helps minimize the length the gas probe molecule has to take to access the entire pore 
structure, thereby minimizing the time needed to achieve equilibrium pressure. In nitrogen gas 
adsorption, the cryogenic nitrogen liquid temperatures of -197º C, decreases the diffusion rate 
through the mudrock pores.  The impact of sample desegregation on Nitrogen gas adsorption 
analysis has been assessed by Comisky (2011) and others listed therein (Comisky et al. 2011). 
The fundamental relationship to be understood is that total specific pore volume increases with 
decreasing sample particle sizes (Kuila 2013). This is most probably because smaller grain sizes 
render better accessibility to the probe molecules, thus giving a more realistic value for pore 
volume. There are some concerns, however, when crushing and sieving a sample. For example, 
microfracturing of the sample grains can report artificial pore space and some separated sample 
fractions can be biased towards some mineralogical compositions (e.g. clays) (Kuila 2013). The 
accessibility of the pore structure may also depend on the size and shape of the gas probe 
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molecules (molecular sieve effect) (Pierotti and Rouquerol 1985). Furthermore, different gas 
molecules require different conditions. For example, CO2 requires an experimental temperature of 
0º C, which is much higher than that of nitrogen, thus allowing for more kinetic energy for the 
CO2  molecule to access the smaller pore size range independent of its size compared to nitrogen. 
Crushed Monterey samples were used in this study for N2 gas adsorption. Independent 
analysis have suggested that sieving mudrock samples to below 420µm (40 mesh) and 
homogenizing the sample would provide mineralogical consistent sample for splitting (Środoń and 
McCarty 2008). Since very limited sample mass was available each Monterey sample, multiple 
measurements were done on the same crushed sample. By crushing the samples, artificial 
external surface area is created and the measurement would show an increase in the specific 
surface area measured between an intact sample and the same crushed sample. The amount of 
added area is dependent on the range of particle sizes and sieve size used (Kuila 2013). Kuila 
(2013) studied the added surface area to BET specific surface area when a sample is crushed 
and sieved. He analyzed powdered smectite clay (SWy-2) and three different mudrock samples 
suspended in isopropyl alcohol, with a laser profile size analyzer (LPSA). The calculated external 
surface area from the powdered clay was 0.065 
m2
g
, which is only about 0.2% of the total specific 
surface area measured for smectite clay (SWy-2).  External surface areas from the other 
mudrocks ranged from 0.053 
m2
g
 to 0.070 
m2
g
. This indicated that crushing the sample does not 
add significant area to the specific surface area measurement captured from nitrogen gas 
adsorption. Furthermore, he found that the median grain size was about 200 times larger than the 
largest pore diameter detected by nitrogen gas adsorption (300nm) (Kuila 2013). The Monterey 
samples were crushed in a mortar and pestle and sieved through a 40 mesh sieve. This sieve 
mesh size was kept consistent for all the samples. 
3.2.5.2.2 Pre-Treatment Conditions 
The exact degasing and analysis conditions used for the porcelanite samples in this study 
can be found in Appendix A.4.The surfaces of the samples need to be free of moisture, bound 
water or any impurity that can distort the measurement of an otherwise clean surface. The pre-
heating temperature for both quartz rich and opal-CT rich porcelanite was chosen to be high 
enough to remove bound water on clay surfaces and any volatile hydrocarbons in the pore space, 
but low enough to insure no dehydroxylation of clay and no alteration of the organic matter present 
(Środoń and McCarty 2008; Kuila 2013). Dehydroxylation of clays changes the CEC properties 
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of clay and can occur at a temperature as low as 250°C, as is the case of nontronite (Środoń and 
McCarty 2008).The Monterey samples contain 2-10% TOC by weight, and up to 40% by weight 
clay content. To insure accurate and repeatable results, an optimal preheating temperature was 
very important. 
Clay bound water and adsorbed humidity content on porcelanite samples was evaluated 
by Thermal Gravimetric Analysis (TGA). Key thermographs for quartz rich and opal-CT rich 
porcelanite samples can be found in Appendix A. Water can be sorbed on the surfaces of clay 
because of their large surface areas and their micropore condensation potential (Kuila 2013). 
Derkowski and Bristow (2012) and Środoń and McCarty (2007), determined that pure smectite 
and mixed-layer illite-smectite (I-S) clay structures are capable of retaining bound water 
(electrostatic bound water) in excess of 200°C Luffel et al. (1992), suggested a preheating 
temperature of 110°C to remove this bound water from the surfaces of clay-bearing samples. The 
API has also recommended 110°C as the pre heating temperature for shales (Kuila 2013). 
Furthermore, thermographs for quartz rich porcelanite showed that the majority of bound water 
was lost before reaching 100°C, with the exception of one sample which released bound water 
near 130°C (Refer to Appendix A). This can be due to the varying content of the porcelanite 
samples. The thermograph for opal-CT rich porcelanite showed that the majority of bound water 
was removed by 150°C.  
Through literature, the thermal gravimetric analysis of an illite-rich rock shows that a 
significant proportion of the mass loss (water loss) happens between 110°C to 200°C (Kuila 
2013). McCarty (2008) reported that 200°C was an optimal temperature to use for preheating 
clays without the fear of dehydroxylation. Luffel et al. (1989), experimentally determined that the 
pre-heating temperature to remove bound water from illite surfaces should be 204°C.  
Preheating clay-rich samples at 110°C could potentially lead to an incomplete removal of 
clay bound water. This unremoved bound water would reduce the measured porosity of a sample 
and cause underestimation of CEC and surface area values because of the mass uncertainty 
(Derkowski and Bristow 2012). Środoń and McCarty, (2008) however report that this residual 
mass after only preheating at 110°C does not offer more than several percent error and 
considering the number of uncertainties in shale rock measurements, this is generally acceptable 
(Derkowski and Bristow 2012; Środoń and McCarty 2008). 
Despite thermographs of the quartz rich Porcelanite sample indicating that 110°C as the 
optimal temperature, there was a practical limitation to overcome. The same porcelanite samples 
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being exposed to nitrogen gas adsorption were to be used for cation exchange capacity 
experiments. The sample preparation thus had to be optimal for satisfying preconditions for both 
nitrogen gas adsorption and cation exchange capacity measurements. 
Pre-heating temperatures needed for accurate CEC measurements then offered a 
limitation. The Monterey samples studied contained organic matter with occasional TOC values 
in excess of 10% by weight.  Studies have suggested that using 200°C as the preheating 
temperature might not alter the organic matter (Kuila 2013). Based on the effect of temperature 
on CEC and the thermographs obtained (Appendix A), which indicate that the majority of bound 
water in quart rich porcelanite is released by 100°C, this study used 110°C as preheating 
temperature for quartz rich porcelanite. Opal-rich porcelanite was tested at 3 temperatures, 80°C, 
110°C, and 150°C. No significant changes on the BET surface area or the BJH pore size 





















Chapter 4: RESULTS AND EXPERIMENTAL PROCEDURE 
Section 4.1 describes the dielectric microscopy technique for rock-fluid application and 
dielectric scans of porcelanite samples after exposure to brine and mineral oil. Section 4.2 
presents the relationship established between cation exchange capacity and specific surface area 
obtained by nitrogen gas adsorption and compares them to those derived by the ethylene glycol 
monomethyl ether (EGME) method. 
4.1  Spontaneous Imbibition: Dielectric Microscopy 
Background on dielectric microscopy as used in this study can be found in Chapter 3 and 
in the references therein. Here, I analyzed the dielectric microscopy results on control quartz 
discs, Teflon, and porcelanite samples. 
4.1.1 Calibration: Brine/Air on porcelanite 
The changes in index of refraction are sufficient to map out regions that have high brine 
content compared with those local areas that have air. Figure 4-1 shows an optical image and 2D 
dielectric scans for a porcelanite sample.  
 
Figure 4-1: 2D dielectric scans of porcelanite rock. A) Visual display of sample. B) Dry scan of 
sample in native state, C) Saturated scan of sample, and D) Scan after 24 hours of evaporation 
(line added for boundary emphasis). 
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The scans in Figure 4-1 show vertical and horizontal position on the sample holder with 
the sample. The color gradient represents measured transmitted wave phase which can be 
translated to changes in index of refraction. Since fluids have the largest contrast in dielectric 
constants, any changes in fluid content will be mapped by gradient scans. The Frequency used 
here is enough to see fluid contrast but not enough to see sample texture. The high frequency (> 
1GHz) dielectric response is strongly affected by the volume of water present in the sample, while 
the low frequency dielectric (< 50 MHz) response is dominated by the exchangeable cations on 
the surfaces of clay minerals (CEC capacity) (Josh et al. 2012). 
Figure 4-1A shows an optical image of the 1” diameter sample in the Teflon holder. Figure 
4-1B shows the dry scan: scanned in an “as received” state, with no prior cleaning.  Each scan 
took about 12 hours to complete. The sample was then saturated with 20 kppm NaCl brine for 5 
days under vacuum and scanned once more (Figure 4-1C). A film of saran wrap was to cover the 
Teflon holder and sample, to minimize evaporation while scanning. The sample was then allowed 
to evaporate for 24 hours and scanned once more (Figure 4-1D). From Figure 4-1D, it is evident 
that the air/brine front has encroached towards the center of the sample, a sign of evaporation. 
The black line in Figure 4-1D shows the delineated air/brine front.  
 
Figure 4-2: Empty Teflon holder with standing waves. This is an artifact of concentric 
circles observed on the scanned samples 
 
The dry and saturated scans show a pattern of concentric circles. This is an artifact 
produced by standing waves interacting with the Teflon holder. In order to confirm this, Figure 4-2 
shows the artifact pattern obtained on the empty Teflon holder. Since the purpose of this 
technique was to understand preferential distribution of the fluids in a multi-mineral rock, a 
frequency above 100 GHz was chosen to gather information of the fluid rather than the rock 
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texture. Thus, the high frequency Figure 4-3 of a dry sample does not show sample texture; only 
the artifact of concentric circles is visible. 
 
Figure 4-3: Dry scan of a porcelanite sample at frequencies larger than 100 GHz. Notice lack of 
textural resolution at this high frequency. 
 
4.1.2  Calibration: Brine/Mineral Oil on Quartz Discs 
Once it was determined that the air/brine interface would be recognizable in porcelanite 
samples, it was necessary to calibrate the expected dielectric response to oil and brine as well. 
Monterey crude was not available for this study, and so we used mineral oil (kerosene) as a 
substitute. Properties of the mineral oil can be found in Appendix A. In order to understand the 
phase shift and proportional change in index of refraction between brine and mineral oil, a 
calibration test was performed on pure quartz discs. Two 1” diameter circular optical quality quartz 
discs were bound together on the outer rims with tape (Figure 4-4).  
Separators were placed around the outer rims to insure equal spacing throughout the 
quartz discs. Quartz was chosen because of the high proportion of quartz in the porcelanite 
samples. The quartz discs were dipped in the prepared brine solution to allow brine imbibition in 
one end; they were flipped and dipped in the mineral oil to allow imbibition in the opposite side. 
Figure 4-4 shows the quartz discs used. Notice the top of the quartz discs have encroaching 
mineral oil and the bottom has imbibed brine. Figure 4-5 shows a 1D dielectric measurement from 
the bottom of the quartz crystals as it measures the brine phase and crosses into the mineral oil 
phase above. Figure 4-5 depicts the jump in phase as the probe transitions from the brine and 
into the mineral oil. This jump corresponds to a change in index of refraction (𝜹n) of about = 0.2; 
indicating large phase shift between areas of high oil and water saturation. The deviation in index 
of refraction from brine to mineral water is to be expected because of the added contribution of 
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the minerals. Nevertheless, this change in index of refraction gives a guiding value to be able to 
recognize these fluids at these frequencies. 
 
Figure 4-4: Zoomed in image of quartz discs used to imbibe brine and mineral oil. Note the top 
and bottom color change on the discs, which are the boundaries for oil and brine respectively. 
 
 
Figure 4-5: Calibration experiment of quartz discs with brine and mineral oil. Fluid phase 
marking and color filling are added to show the location of the fluids held by the quart discs. 
Dark dashed line on the quartz disc marks location of the scan, while dashed line on index of 




Figure 4-5 shows “transitional” phase jump at the interface between brine and mineral oil, 
instead of a stark jump. This is most probably due to impurities of the quartz disc or non-even 
spacing between the quartz discs. 
4.1.3  Monterey Samples 
The three quartz phase porcelanite samples studied here varied in mineralogy and texture 
(Table 4-1 and Table 4-2) as follows: 
 Sample A: carbonate-rich from the central, deeper part of the San Joaquin Basin 
 Sample B: quartz-rich with microfractures from the western flank of the basin 
 Sample C: with mixed quartz- and clay-rich from the western flank of the basin. 
 
Table 4-1: Mineralogical Composition of Porcelanite Samples by QEMSCAN. 
Texture Sample 
Mineralogy, Volume % 






A 2.63 0.27 53.39 0.49 17.77 24.02 
 Quartz Carbonate 
Total 
Clay 
Pyrite Plagioclase Others 
Microfractures B 90.21 1.81 2.46 0.4 2.7 2.42 
Quartz Pillars C 59.54 1.96 30.16 1.22 5.37 1.75 
 
A step by step procedure for the imbibition method and instruments is given in Appendix 
A. Briefly, the samples were first saturated with brine for 3 days under vacuum, then exposed to 
mineral oil and allowed to imbibe for a period of 3 days. A final scan was taken of the sample to 
delineate the brine and any imbibed mineral oil. Dielectric scans of the oil-brine saturated samples 
are presented in the following sub-sections along with QEMSCAN® images to help identify 




Table 4-2: Mineralogical Composition of Porcelanite Samples by XRD. 
Texture Sample 
Mineralogy, Volume % 






A 2 0 93.7 0 0 N/A 
 Quartz Carbonate 
Total 
Clay 
Pyrite Plagioclase Others 
Microfractures B 73 2 14.7 0 1 9 
Quartz Pillars C 39 3 42 1 2 13 
 
4.1.3.1 Sample A: Carbonate Rich 
Figure 4-6 shows the dielectric and QEMSCAN® mineral distributions for the carbonate-
rich sample (see Table 4-2 for bulk mineralogy).  
 
Figure 4-6: Carbonate sample A showing variations in index of refraction. The QEMSCAN 
image shows 2D distribution of minerals in the sample. The lines in the QEMSCAN image 




Three distinct zones of similar index of refraction value ranges can be identified that match zones 
of large dolomite concentrations on the QEMSCAN® mineralogy.The contrast in index of 
refraction for these layers is about 𝜹n = 0.13, which is close to 𝜹n = 0.2, the expected value for 
brine to mineral oil change. 
 Figure 4-7 shows the same scan as Figure 4-6 but with a QEMSCAN® porosity scan. 
Helium porosity in this sample is about 1%, QEMSCAN porosity = 0.21%. Figure 4-7 does not 
show any correlation between the porosity and the dielectric image for dolomite-rich and quartz 
rich areas. 
 
Figure 4-7: Carbonate sample A showing changes in index of refraction. QEMSCAN strip 
showing 2D distribution of porosity. 
 
4.1.3.2 Sample B: Quartz Rich with Microfractures 
Sample B is a quartz rich sample with microfracture networks. Figure 4-8 shows dielectric 
scans and corresponding QEMSCAN® mineralogy. The distinct change in index of refraction can 
be correlated with microfractures in the QEMSCAN image. The change in index of refraction in 
this area is between 𝜹n = 0.38 and 𝜹n = 0.10. The wide range of 𝜹n could be due to change in 
index of refraction contributed by background minerals.  
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Further work is needed to calibrate the exact dielectric properties of quartz phase 
porcelanite itself at 100+ GHz frequencies. The middle microfracture does not seem to be 
associated with any major change in index of refraction. This is probably due to the fact that the 
microfracture is not continuous to the bottom of the sample.  
 
Figure 4-8: Quartz rich sample B with microfracture. Index of refraction from -18 to 12. 
QEMSCAN strip showing 2D distribution of mineralogy. 
 
As with Sample A, Figure 4-9 shows the same scan as Figure 4-8 but with a QEMSCAN® 
porosity scan. Helium porosity in this sample = 2.1% while QEMSCAN® porosity = 1.8%. The 
QEMSCAN® porosity scan shows little porosity outside of the microfracture network. Most of the 
porosity and non-carbonate minerals are located within the microfractures. 
This particular sample is interesting as a major change in index of refraction is not 
necessarly seen in the area of the right microfracture. That particular micro fracture did not extend 






Figure 4-9: Shows the high quartz sample B. Index of refraction from -18 to 12. QEMSCAN 
porosity scan showing no significant porosity in the quartz matrix, while the majority of porosity 
is in the microfractures. 
 
4.1.3.3 Sample C: High Quartz and Clay Content 
The third sample had mixed mineralogy, with quartz = 39% and clay 42% by weight, and 
QEMSCAN quartz and clay contents = 60% and 30%, respectively. Figure 4-10 shows the 
dielectric and the QEMSCAN® mineralogy scans.  
The QEMSCAN image shows distinct quartz pillars running through the middle of the 
sample (Figure 4-10). The left quartz pillar shows higher carbonate content, while the quartz pillar 
to the right shows higher plagioclase content. 
Figure 4-10 shows that the quartz rich layer with carbonate grains has an index of 
refraction value between negative 𝜹n = 0.06 and positive 𝜹n = 0.02, while the quartz rich layer 
with plagioclase has a change in index of refraction of about negative 𝜹n = 0.01. The low porosity 
mixed layers have an index of about negative 𝜹n = 0.01.  
With the difference between oil and brine measured in the quartz disks being around                  
𝜹n = 0.2, the changes in index of refraction seen in this sample are not well correlated to the 
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changes in mineralogy. However, it is evident that there is some imbibition in both quartz rich and 
clay rich areas. 
 
Figure 4-10: Shows the high quartz and clay sample C. Index of refraction from -10 to 15. 
QEMSCAN strip showing 2D distribution of mineralogy. 
 
Figure 4-11 show the QEMSCAN® porosity scan for sample C. The porosity from helium 
is 6% while QEMSCAN® porosity is about 4%. Figure 4-11 shows the high porosity regions, 
labeled as “larger pore connectivity”. These same regions are outlined on the index of refraction 
scan. Notice the correclation between the index of refraction and the areas where high and low 
porosity are observed.  
The changes in index of refraction are not explained by the presence of the minerals 
directly, but indirectly through the amount of void space that this matrix framework allows. Thus, 
the pattern of oil imbibition is better explained by the porosity distribution and not the mineralogy 





Figure 4-11: Shows the high quartz and clay sample C. Index of refraction from -10 to 15. 
QEMSCAN strip showing 2D distribution of porosity. 
 
4.1.4  Carbonate in porcelanite 
The porcelanite sample can have high carbonate content, with varying location and 
distribution in the quartz matrix. Carbonate content can appear in the Monterey as carbonate 
beds, carbonate cement, carbonate precipitation along microfractures and faults and as inclusions 
distributed around the quartz framework. Figure 4-12 and Figure 4-13 depict the effect of 
carbonate content on the nanometer pore size range of quartz phase porcelanite. The 
macroporosity (100nm) is lowered as the relative proportion of carbonate content is increased. 
Figure 4-12 and Figure 4-13 show a similar drop in macroporosity with an increase of 
carbonate content. Figure 4-12 and Figure 4-13 capture various ranges of quartz content, making 
the statement that the macroporosity reduction is not a function of quartz content, as both low and 






Figure 4-12: Pore size distribution of Monterey porcelanite with high quartz content. Carbonate 




Figure 4-13: Pore size distribution of Monterey porcelanite with low quartz Content. Carbonate 




4.2  BET Specific Surface Area and Cation Exchange Capacity 
Using data from (Patchett 1975), Revil et al. (and references therein) have shown that 
specific surface area and cation exchange capacity (CEC) have a linear relation. As explained in 
Chapter 3, this correlation has been useful to develop models that explain the resistivity 
characteristics of clays (Revil and Cathles 1998). 
Figure 4-14 (replotted from Patchett, 1975) shows the correlation established between 
measured EGME specific surface area values and measured CEC values for shaly sands and 
pure clay end members. Tabular data for these can be found in Appendix A. 
 
 
Figure 4-14: Specific Surface Area and Cation Exchange Capacity Correlation for Shaly Sands 
and Pure Clays. Measurement by EGME and N2 Gas Adsorption. EGME measured surface 
areas and CEC values were obtained in literature (Borden and Geise, 2001). The shaly sand 
data are from Patchett (1975). The SSA-CEC plot and charge per area lines were modified from 
Revil et al. 1998. 
 
Shaly sands data were taken from Patchett et al. (1975), pure clays EGME surface areas 
data were taken from Lipsicas (1984), Sinitsyn et al. 2000, and Avena and DePauli (1998), along 
with pure clay minerals measured with 𝑁2 in this work. The surface areas for shaly sands were 
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measured using the ethylene glycol monomethyl ether (EGME) method, while the CEC values 
were measured by the sodium acetate method. 
Figure 4-14 also shows smectite, illite and kaolinite specific surface areas measured with 
nitrogen gas adsorption (this study) and CEC values measured with the Ammonium-Electrode 




surface charge density.  
The scatter in the CEC - specific surface area correlation is mainly due to the different 
methods used to measure each property. The pure clay end-members measured with nitrogen 
(denoted in Figure 4-14) shows the most deviation in specific surface area. Specific surface areas 
measured by both the EGME method and by nitrogen gas adsorption are similar for illite and 
kaolinite clays (See Figure 4-14). 
4.2.1  Porcelanite Specific Surface Area and CEC 
N2  BET surface area and CEC measurements were performed on the porcelanite samples 
and reported as tabular data in Appendix A. CEC values with Co(III) − hexamine3+  were 
measured according to the method described in Bardon et al. (1993). Figure 4-15 depicts the 
measured BET specific surface area versus CEC values obtained for the porcelanite samples 
from central and western part of the San Joaquin Basin (SJB).  
The higher clay content samples (Central SJB) generally show a higher specific surface 
area and higher CEC values. The quartz rich porcelanite samples show very low nitrogen specific 
surface areas, even for the higher clay content samples of the central SJB. The two opal-CT 
samples plot away from the quartz phase porcelanite trend, and have a higher specific surface 
area than pure Kaolinite. More opaline samples are needed to establish a correlation that is 





Figure 4-15: Relationship between BET specific surface area and CEC for pure clay minerals 

















Chapter 5: DISCUSSION  
The results from laboratory experiments are discussed in this chapter. It was the purpose 
of this work to investigate the controls the mineralogical complexity of porcelanite has on the 
distribution of oil and brine at a core scale. The implications of oil preferentially imbibing the 
carbonate rich area of porcelanite is discussed here. Furthermore, the effect of carbonate 
minerals on rock properties as evidenced by the nanometer pore size distributions is discussed. 
EGME total surface area measured and BET specific surface area measured by N2  gas 
adsorption are compared and analyzed to investigate which technique is more applicable to 
porcelanite samples. 
5.1  Monterey Porcelanite: Mineralogy and Saturations 
As discussed in Chapter 3, 2D dielectric microscopy was used to map the changes in 
index of refraction throughout porcelanite samples that had been saturated with brine and 
exposed to mineral oil for 3 days. All 3 samples had different mineralogical composition and 
texture. Table 4-1 shows the QEMSCAN® mineralogical composition. 
Figure 4-6 to Figure 4-11 in Chapter 3 show the index of refraction, as inverted from the 
changes in transmitted wave phase over the sample area. This inversion was done according to 
the following relationship δϕ =
2πd
λ
δn. An explanation and references for this technique can be 
found in greater detail in Chapter 3. 
5.1.1  Carbonate-Rich Porcelanite: Sample A 
Figure 4-6 shows a depiction of the changes in the index of refraction through the 
Carbonate rich sample. Three similar changes in index of refraction are observed around the 
same range where the QEMSCAN indicates high presence of dolomite content. These will be 
referred to as dolomitic layers. By analyzing the QEMSCAN strip from left to right, there is a high 
concentration of dolomite content on the left edge, marked dolomite layer 1, followed by an 
increase of ankerite/quartz content. A second more transitional increase in the concentration of 
dolomite is observed, marked by dolomite layer 2, after which there is an increase of 
quartz/ankerite content. There is a third increase in dolomite concentration, marked by dolomite 
layer 3, decreasing in concentration towards the right edge of the strip. 
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Based on the index of refraction scan, the dolomite area has an index of refraction of about   
negative 0.08 while the quartz/ankerite areas have a value of positive 0.05, with a change 
between these zones of about 𝜹n = 0.13. The index of refraction contrast between brine and 
mineral oil measured on the quartz disk is 𝜹n = 0.2.  
The index of refraction contrast observed in Sample A is very close to this value, 
suggesting the identification of areas that have naturally imbibed oil. The oil is expected to be 
naturally imbibing in the high dolomite zones, herein called dolomite layers. The oil might also be 
driven by buoyancy, migrating to the top of the sample due to the density contrast with the brine 
in the pore space. It is quite possible that it may be a combination of these two processes. 
If increased pore space connectivity were driving the oil imbibition, a similar distribution of 
the mineral oil could be seen in those same regions. That is to say that the increased porosity 
would be giving a preferential pathway for the oil to be imbibed. Therefore, a porosity scan of the 
same region was also acquired to investigate this potential possibility.  
Figure 4-7 shows the index of refraction scan and the porosity strip. The porosity strip is 
in the same location as the porosity strip in Figure 4-6. It is evident from the mineralogy scan in 
Figure 4-7, that there is no significant jump in porosity wherever the dolomite layers are identified. 
The lack of an increased porosity from the dolomite layers when compared to the quartz/ankerite 
rich layers, confirms that the oil imbibition is not due to effective porosity and permeability, but 
potentially caused by an affinity for the presence of the dolomite mineral itself. 
5.1.1.1 Implications of Fractional Wettability 
As stated in Chapter 1, fractional wettability implies that some pore networks of a rock are 
preferentially wet by oil while other pore networks of the same rock are preferentially wet by water. 
Fractional wettability can occur when a rock is composed of many minerals with different surface 
chemical properties (Tiab and Donaldson 2012). 
When a rock system is immersed in a mixed fluid, the preferential wetting phase will 
spontaneously imbibe into the core and drive the non-wetting fluid out (Anderson 1987). If local 
surfaces of a core are preferentially wetted by one fluid versus another, it is conceivable that these 
areas will imbibe the wetting fluid at a lower capillary pressure. 
The preferential distribution of mineral oil based on mineralogy (Figure 4-6) indicates 
fractional wettability in the quartz phase porcelanite. Some areas of the rock might be more 
strongly oil-wet (carbonate-rich areas) while other portions of the rock are more strongly water 
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wet (quartz and clay-rich areas). Figure 5-1 shows a dolomite-rich area with a vuggy pore 
containing quartz grains. Such zones could create a mixed wettability scenario where larger pore 
are water wet due to the quartz grains, while smaller pore are oil wet because of the surrounding 
dolomite. 
 
Figure 5-1: Vuggy porosity associated with dolomite layer. The void space is filled with quartz 
crystal precipitates. 
 
The major polar organic constituents in crude oil are weak acids (Tiab and Donaldson 
2012). The negatively charged surfaces of quartz and clay grains in sandstones are weakly acidic 
and repel these acidic components in crude oils. However, some polar components in crude oil, 
usually from resins and asphaltenes, are basic rather than acidic and can thus react with silica 
and clay minerals and can thus render an oil-wet surface (Tiab and Donaldson 2012). On the 
other hand, carbonate surfaces are positively charged and basic, thus the acidic components of 
polar molecules readily react with carbonate mineral surfaces (Tiab and Donaldson 2012). Acidic 
components in crude like carboxylic acids, phenolic compounds, and ring structures that contain 
sulfur and oxygen can strongly wet the surfaces of carbonate (Tiab and Donaldson 2012). 
Carbonate rocks tend to be neutrally to strongly oil-wet. Due to the large proportion of 
sulfur in the kerogen and crude oil from the Monterey formation, it is conceivable that there is 
interaction between Monterey formation oil and calcite and dolomite surfaces. Furthermore, the 
presence of the organic content in the pore space and the microfractures might also contribute to 
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the fractional wettability nature of the porcelanite. Figure 5-8 shows the presence of carbonate 
and organic matter deposited on the surface of the microfracture. 
5.1.1.2 Carbonate effect on Pore Structure 
Apart from the wettability effect, the dolomite is also affects the pore structure of quartz 
rich zones. Dolomitic zones tend to be highly fractured Figure 5-2. These zones fracture because 
of their high degree of brittleness making dolomite-rich layers potential reservoir rocks. 
An increase in dolomite precipitation in a quartz-rich area would make the zones more 
brittle. Dolomite minerals can be dissolved in pore fluid and migrate through fractures in the 
subsurface (Eichhubl and Behl 1998).The cementation of interstitial pores and microfractures can 
reduce effective permeability and influence hydrocarbon production. 
Analysis of the pore size distribution of increasingly dolomite-rich porcelanite samples 
shows that dolomite acts as a pore-filling material. Similar findings have been observed by 
Chalmers and Bustin 2012, where they found that carbonate minerals were dissolving, creating 
pathways for fluid flow but potentially precipitating and acting as pore-filling agents elsewhere 
(Chalmers and Bustin 2012). 
 
Figure 5-2: Dolomitic outcrop showing degree of fracturing. Outcrop in Gaviota Beach State 
Park. 
 
Figure 5-3 shows pore size distributions of samples of varying carbonate content. Figure 
5-3 also shows an FESEM image of the carbonate content acting as a pore-filling agent. Notice 
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the void space surrounding the dolomitic area, suggesting that the dolomite minerals have in-filled 
that zone so as to reduce the porosity in the nanometer range.  
 
Figure 5-3: Effect of carbonate content on nanoscale porosity. There is a systematic decrease in 






The pore-size distributions systematically show significant reduction in the 100nm pore 
diameter region with increase in carbonate content that is independent of quartz content (Figure 
5-3). Carbonate minerals fill the nanometer pores but make the matrix brittle to allow fractures. 
Carbonate zones have large (micrometer sized) pores that are favorable for fluid flow (Figure 5-1). 
The vuggy porosity associated with carbonate rocks are larger than the measurement rage of 
nitrogen adsorption (upper limit 200nm). 
5.1.1.3 Oil Shows and Saturation in Porcelanite 
Apart from electrical effects, fractional wettability could also have some implications on 
the oil-saturations of dolomite-rich layers in the subsurface. As the proportion of oil-wet grains 
increase in a given area, the capillary pressure required by the Monterey crude oil to saturate the 
formation is much less than in a strongly wet-wet counterpart. Thus, as the proportion of carbonate 
increases, more oil imbibition and higher oil saturation can be expected Fatt and Klinkoff (1959) 
created an experiment were they flowed oil in a brine-saturated sandpack that had both water-
wet and oil-wet grains. Figure 5-4 shows the effect of fractionally wet core on capillary pressure. 
At any given water saturation, the capillary pressures for oil imbibition decreased with increasing 
percentage of oil-wet grains. 
 
Figure 5-4: Effect of fractional wettability on capillary pressure in sandpacks with large and fine 




As the generated Monterey oil migrates to the subsurface through fractures, much lower 
capillary pressures are needed to displace the existing pore fluid if adjacent formations are oil-
wet. The oil could preferentially saturate dolomite-rich layers because of their lower capillary 
pressure. Furthermore, the presence and distribution of dolomite can have implications on the 
irreducible oil saturations. 
The presence of distributed carbonate in the quartz phase porcelanite can create complex 
wettability conditions. Chemical compaction, caused by digenetic reactions in the Monterey silica 
phase can cause a large release of fluid. This pore fluid movement can increase carbonate 
cement on silica matrix and can increase the precipitation of carbonate and silica in faults and 
fractures (Eichhubl and Behl 1998). Massive deposition of carbonate cements along faults and 
fractures (Figure 5-8) can be due to decreases in fluid pressure and partial pressure of CO2 during 
upward flow of fluid as the fluid is displaced from rock mass below (Eichhubl and Behl 1998). This 
fluid displacement can be caused by chemical compaction of the pore space (dissolution of load 
supporting framework), tectonic folding or shortening, and filled fractures imbedding flow as silica 
digenesis progresses (Eichhubl and Behl 1998). This tendency of carbonate to precipitate on 
fractures due to CO2 partial pressure drop, outweighs the tendency of carbonate to dissolve at 
lower shallower temperatures (Eichhubl and Behl 1998). 
The majority of oil shows in one of the wells studied showed that for deeper quartz phase, 
the oil shows registered in the mud log (Figure 5-5) were from zones with higher distributed 
carbonate content.  
 
Figure 5-5: Mudlog showing an oil show within a Monterey zone. This zone had higher 
carbonate content. This well is located in the western flank of San Joaquin Basin (see location 
map in Figure 2-1). 
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This may be due to the open fractures that are associated with the carbonate rich zones. Zones 
with high carbonate content based on Elemental Capture Spectroscopy (ECS) log also had high 
calculated oil saturations from ELAN™ (Schlumberger) (Figure 5-6). 
 
Figure 5-6: ELAN mineralogy and fluid calculations from ECS (Schlumberger). Most of the oil 
saturations come from zones that have distributed carbonate minerals. Well log is from the 
western flank of San Joaquin Basin (see location map in Figure 2-1). 
 
Successful production at Hondo Field of offshore Santa Barbara Channel might be due in 
part because of the dolomite content in its reservoirs. Figure 5-7 shows a phosphatic, calcareous 
shale member at Arroyo Burro Beach. This zone is equivalent to the middle shale member being 
produced in the Hondo Oil field in the offshore Santa Barbara Channel (Hornafius 1994). The 
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Hondo field is a faulted anticline composed mainly of fractured glassy chert and tiger-striped chert, 
quartz porcelanite and dolomite (Lockman et al. 1998). 
Schwalbach et al. (2007) have suggested that the prolific initial oil production of 1500-
5000 BOPD seen in this field can be attributed to the nearby fault which renders its vicinity densely 
fractured and to the rock types, mainly chert, which easily fractures. Figure 5-7 shows this 
fracturing and illustrates the difference in fracture density between the more brittle lithologies like 
cherts, porcelanite and dolomites versus the more ductile clay rich zones. 
 
Figure 5-7: Phosphatic Calcareous Shale Member. Notice fractures are prevalent in brittle facies 
suggesting their growth is inhibited by more ductile layers. Outcrop at Arroyo Burro Beach. 
 
An additional explanation to the successful production of Hondo field might be attributed 
to the presence of the dolomite layer themselves. Chert is the most fractured rock type here, but 
dolomites are observed to be more densely fractured than porcelanite or siliceous shale, making 
them a more probable reservoir rock than these (Schwalbach et al. 2007). Dolostones have a 
different pore types than the quartz rich rocks. At the same porosity, pore systems in dolomite 
reservoirs might lead to better permeability than in quartz porcelanite reservoirs. Furthermore, as 
mentioned before, dolomites can be expected to have higher oil saturations because of their 
preferred affinity for the Monterey crude, lowering the capillary pressures needed to enter the 
pore system and displace pore water. 
Wylie et al. (2001) suggested that dolostones were the second most prolific producing 
rock types in the offshore South Elwood field after brecciated zones (Wylie et al. 2001). Fractured 
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dolomites would thus be potential pay because of their fracture density, pore types and natural 
affinity for Monterey crude, and would thus seem reasonable to target these zones in the San 
Joaquin Basin. 
5.1.2  Sample B: Quartz Rich with Microfractures  
Figure 4-8 shows the index of refraction, as inverted from the changes in transmitted wave 
phase over the area of sample B (high quartz content with microfractures). The QEMSCAN strip 
shows the 2D mineralogy distribution of Sample B. Figure 4-8 shows the location of the 
QEMSCAN strip on the surface of the dielectric scan, for the purposes of dimensioning. 
The quartz volume percent from QEMSCAN is 90.2%, while by XRD it is 73% by weight. 
It is evident that the principal matrix framework is composed mainly of quartz.  A microfracture 
network on the left edge is visible and a thinner single microfracture is observed towards the 
center of the strip. The dashed lines denote the boundaries. The sample has carbonate, clay, 
pyrite and plagioclase distributed throughout. The microfracture however, shows the greatest 
complexity of the mineral concentration for the entire mineralogy strip. The microfractures show 
carbonate precipitates, clay, pyrite, quartz cement and plagioclase and organic matter.  
When determining the mineral content in the formation, the petorphysicist must consider 
the complexity these microfractures are brining. Even if they are not the main conduit for vertical 
flow, or flow into the well bore when they are fully cemented, the host of mineral cements they 
store, offers some complexity to the mineral interpretation of the matrix. The dashed lines on the 
dielectric scan correspond to the microfracture boundaries on the QEMESCAN strip. By analyzing 
the changes in the index of refraction throughout the sample, it is evident that the greatest change 
corresponds to the location of the left microfracture network. We can see that the index of 
refraction around the microfracture network has a value of about negative 0.25 while the quartz 
matrix ranges from about positive 0.13 to negative 0.15. This corresponds to a change in index 
of refraction between 𝜹n = 0.38 and 𝜹n = 0.10. 
Since the index of refraction contrast between brine and mineral oil measured on the 
quartz disk is about 𝜹n = 0.2, Figure 4-8 suggests there could be imbibition of mineral oil. The 
wide range of 𝜹n could be due to change in index of refraction contributed by background 
minerals. Further work must be done to calibrate the exact dielectric properties of quartz phase 
porcelanite itself at 100+ GHz frequencies. It was the scope of this work to map out the oil/brine 




Figure 4-9 shows the relation of the imbibed fluid with the porosity distribution. The 
boundaries of the fractures are also marked in this scan. Most of the porosity+mineral percentage 
is located within the microfractures. This is a representation of both void space and underlying 
mineral content. Some empty void space (porosity) is also captured in the microfractures, 
suggesting that the fractures are not fully cemented and offer a pathway for the fluid to flow. 
FESEM images of this microfracture confirm this permeability in the microfracture. 
 
Figure 5-8 is an FESEM image of the microfracture in Figure 4-8 and Figure 4-9. The 
fracture is not completely cemented, but there is substantial mineral druse on the microfractures 
surface, suggesting that the microfracture was open in the subsurface. The aperture of this 












Figure 5-8: FESEM of microfracture from Sample A. Mineral "druse" suggests this microfracture 
was open in the subsurface. Mineral precipitates on the fracture surface include: dolomite, clay, 
quartz, pyrite and organic matter. White bars provide length of scale. 
 
The porosity scan in Figure 4-9 shows that there is not much porosity distribution in the 
quartz rich region. This suggests that in quart rich area, it is the microfractures that allow the flow 
and intake of mineral oil. It is the microfracture network that is imbibing the mineral oil. The smaller 
microfracture in the center of Figure 4-8 and Figure 4-9 does not show any change in index of 
refraction. This microfracture however is not continuous to the bottom of the porcelanite sample; 








It is evident from Figure 4-8 and Figure 4-9, that no oil imbibition takes place on quartz 
rich areas if there are no microfractures. This imbibition is possibly due to the unfilled nature of 
the microfracture which creates a higher permeability pathway when compared to the adjacent 
quartz matrix.  However, dolomite precipitation on the fracture surface as can be seen from Figure 
4-8  and Figure 5-8. Therefore another possibility for the fluid imbibition might be the presence of 
the dolomite minerals on the fracture surface, since there seems to be an affinity between the 
dolomite and the mineral oil. Since the Monterey matrix is very low (<.1md), microfractures 
provide important highways in the reservoir to deliver fluids to major fracture networks. The 
mineral cement and hydrocarbon staining suggests they were pathways for fluid flow and to that 
effect confirms their importance (Schwalbach et al. 2007). Furthermore, fractures and faults have 
been theorized as the main conduit for generated hydrocarbons to migrate to the surface and 
charge many of the conventional reservoirs we see in southern California (Eichhubl and Behl 
1998). 
Figure 5-9 shows an example of tar-filled fractures in a calcareous-siliceous Monterey 
facie in Gaviota Beach outcrop. Figure 5-9 also shows the hierarchy in the fracture system that 
controls the most likely path for fluid flow in the subsurface. 
 
Figure 5-9: Fracture network in a calcareous-siliceous facies from outcrop in Gaviota Beach. 
 
5.1.3   Sample C: High Quartz and Clay Content 
Figure 4-10 shows the index of refraction, as inverted from the changes in transmitted 
wave phase over the area of sample C (high quartz and clay content). The QEMSCAN strip shows 
the 2D mineralogy distribution of Sample C. Figure 4-10 shows the location of the QEMSCAN 
strip on the surface of the dielectric scan, for the purposes of dimensioning. 
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By analyzing the QEMSCAN strip we can see that the principal matrix framework is 
composed mainly of quartz and clay minerals. However two quartz pillars are identified towards 
the center of the mineralogy strip in Figure 4-10. These quartz pillars have a large proportion of 
carbonate, plagioclase, clay and pyrite grains and inclusions. Figure 5-10 shows the QEMSCAN® 
mineralogy strip and an FESEM image of the quartz/clay interface. 
The quartz volume percent from QEMSCAN is about 60%, while by XRD it is 39% by 
weight. The clay volume percentage is about 30% from QEMSCAN, while by XRD it is 42% by 
weight. The QEMSCAN strip show that the clay minerals are mostly distributed throughout the 
quartz framework. 
The changes in index of refraction of Figure 4-10 and Figure 4-11 shows us that the quartz 
rich layer with carbonate grains has an index of refraction value between negative 𝜹n = 0.06 and 
positive 𝜹n = 0.02, while the quartz rich layer with plagioclase has a change in index of refraction 
of about negative 𝜹n = 0.01. The low porosity mixed layers have an index of about negative 𝜹n = 
0.01. With the difference between oil and brine measured in the quartz disks being around 𝜹n = 
0.2, this shows that we potentially have some oil imbibition but there is also some effect from the 
mineral background. 
In the pure quartz pillars, as we can see from changes in the index of refraction, we see that there 
is oil imbibition in the pillar that have distributed carbonate, while the quartz pillar that has 
distributed plagioclase does not have imbibed oil. 
Figure 4-10 shows that these quartz pillars might have some effect on the amount and location of 
the mineral oil imbibed. However, there is some imbibition in both quartz rich and clay rich areas. 
This behavior is then not explained by the presence of the minerals directly, but indirectly through 
the amount of void space that this matrix framework allows. Thus, the pattern of oil imbibition is 
better explained by the porosity distribution and not the mineralogy like for samples A and B. 
Figure 4-11 is the porosity scan corresponding to the same location on this sample. The areas of 
higher pore connectivity are marked on the QEMSCAN porosity scan. A better correlation exists 
between where the fluid is imbibing and the amount of porosity measured on the sample. 
Figure 4-11 shows that where we see an index of refraction change, corresponding to the change 
between brine and mineral oil, it is mainly being driven by the porosity in the sample and not by 
the presence of mineral surfaces themselves. 
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These mineral oil saturated areas appear to be consistent in value. As comparison with 
sample B, which has a downward slopping gradient in index of refraction, sample C shows that 
the imbibed oil is being imbibed in constant proportion. This can be due to the larger amount of 
connected pore space, than with sample B. 
 
Figure 5-10: FESEM image of sample C. Arrows showing the quartz rich pillar vs. the clay rich 
zone. 
 
Carbonate content may thus be playing a vital role in the successful oil accumulation of 
the lower quartz phase porcelanite. As it acts as a pore filling mineral, making the rock quartz 
phase porcelanite more brittle, the rock becomes more densely fractured than pure siliceous 
porcelanite and siliceous shale. The dolomitic presence however may increase the fractional 
wettability of the quartz matrix, since it act as an oil wet surface, reducing the capillary pressures 
needed for the migrating Monterey crude in the subsurface fractures to imbibe and saturate the 
zones.  
Evidence of oil saturated dolomitic zones is seen by the oil shows while drilling in the San 
Joaquin basin, the higher calculated oil saturations when compared with dolomite-free porcelanite 





5.2    Monterey Porcelanite: EGME and Nitrogen Surface Areas 
The relationship between BET specific surface areas measured by nitrogen gas 
adsorption and specific surface area measured by EGME versus cation exchange capacity (CEC) 
for Monterey porcelanite is shown in Figure 5-11. The surface areas measured by nitrogen on 
quartz porcelanite are two orders of magnitude smaller than the specific surface areas obtained 
by the EGME method of both shaly sands and quartz porcelanite. 
 
 
Figure 5-11: Relationship between SSA and CEC for Monterey samples, pure clays and 
Monterey kerogen. Shaly sands (Patchett 1975) and milled quartz (Derkowski and Bristow 
2012), endmember clays (CMS), opal-CT porcelanite (N2), quartz porcelanite (N2), quartz 
porcelanite (EGME) (Derkowski and Bristow 2012), Monterey kerogen (Derkowski and Bristow 
2012). 
 
Figure 5-11 shows the data from Patchett (1975) corresponding to an average surface 
charge density of 1.5 
electron
nm2
, which is equivalent to 0.24 
Columbs
m2
. Revil and Woodruff have 
estimated a surface charge density of 0.32 
Columbs
m2
 for shaly sands, while Srodon et al., 2009 
estimated a 0.42 
Columbs
m2
 surface charge density for clay bearing rocks (Revil and Cathles 1998; 






 which is equivalent to 5.13 
 Columbs
m2
. This is more than 20 times larger than the average 
charge density for shaly sedimentary rocks. This is not realistic and has no physical meaning.  
This large charge density is due to the very low surface areas measured with nitrogen gas 
adsorption. The charge density must thus be higher to account for the same CEC range of values. 
The mineralogy content of the porcelanite might be the reason for this separation in 
specific surface area values. Iron is present in the porcelanite mostly as ankerite and pyrite. It is 
not expected to be present in the illite-smectite mixed layer members found in porcelanite. Iron 
can affect the relationship between CEC and specific surface area. The higher the iron content, 
the lower the CEC and specific surface area tend to be because of the increased molecular weight 
(Derkowski and Bristow 2012). The iron content, however, cannot explain a dramatic decrease in 
specific surface area without a decrease in CEC values as well. Figure 5-11 shows a two 
magnitude difference in porcelanite specific surface areas when measured with nitrogen but a 
similar range in CEC values. Thus Iron content by itself cannot explain this shift in charge density. 
The reason for this shift might be attributed to the presence of smectite clays themselves. 
The CEC values for pure smectite range from 80 to 120 
meq
100g
 and the total specific surface area 
from EGME range from 700 to 770 
m2
g
 (Derkowski and Bristow 2012). The CEC value depends on 
the layer surface charge density while the total specific surface area depends on the molecular 
weight of the smectite. Since smectite is the biggest contributor to both CEC and total specific 
surface area, the expected values for sedimentary rocks are constrained. 
Nitrogen gas adsorption experiments on samples are conducted in a vacuum at low 
temperatures and under these conditions the interlayers of smectite clays are collapsed 
(Derkowski and Bristow 2012). Thus the BET specific surface area is a measure of the external 
surface area of smectite clays.  Since this surface area is only external surface area, a much 
higher surface charge density is needed to explain the CEC range measured. This is a reason 
why nitrogen gas adsorption to characterize surface areas of clay-rich rocks should be taken with 
great caution, especially when the clay type is smectite. 
In contrast, the surfaces available to the adsorption of polar liquids on clay minerals are 
the same surfaces involved in the cation exchange phenomena (Derkowski and Bristow 2012). 
Thus the EGME derived surface areas are a better representation of the total specific surface 
area of clay bearing organic-free samples. 
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Even if the BET surface area is not affected by the organic content, it would only be a 
measurement of the external surface area of the clays in the sample. BET specific surface area 
therefore is not total surface area. Necessary corrections on this surface area must be made to 
obtain a total specific surface area. 
A correlation for opal-A and opal-CT BET SSA and CEC would have to be developed in 
order to estimate the CEC from the measured surface areas. The opal-CT samples in Figure 5-11 
(in red) seem to show a much larger surface area than its quartz phase counterpart, thus making 
their surface area values more comparable to those measured with the EGME method. 
Such a high surface area for these samples even by nitrogen cannot be explained by the 
clay content of the sample, but by the microstructure of opal-CT itself. Figure 5-12 shows the pore 
size distribution of the opal-CT and quartz phase porcelanite. Opal-CT has higher proportions of 
micro and mesopores. FESEM confirms the opal-CT rock is highly porous, thus giving it a higher 
surface area, as can be seen in Figure 5-13a and Figure 5-13b. Since this higher specific 
 
Figure 5-12: Opal-CT (Shallow) to quartz (Deeper) phase pore size distribution measured by 
nitrogen gas adsorption in this study. Opal-CT shows more pore volume between 20-100 nm 




surface area is not exclusively due to the presence of clays, there is no proportional increase in 
measured CEC values. The pore size distribution of the opal-CT reveals significant pore volume 
between 20-100 nm. FESEM imaging between opal-CT and quartz phase porcelanite gives visual 









Figure 5-13: FESEM images of quartz phase and opal-CT phase porcelanite. Image a. is opal-
CT phase porcelanite and image b. is quartz phase porcelanite. Quartz, clay, dolomite, organic 
matter and pyrite are all pointed out in the quartz-phase porcelanite in image b. White bars 
provide a length of scale. 
 
5.2.1  Total Specific Surface Area (TSSA) from CEC: Monterey Porcelanite 
The specific surface areas accessible to cations are the controlling factor on the bulk 
resistivity of a rock. Due to its limitation in accessing the interlayers of the smectite clays, specific 
surface area by nitrogen gas adsorption should only be used in a relative way to assess the pore 
structure of samples and not as a direct method to assess the total specific surface areas pertinent 
to electrical conductivity. 
Derkowski and Bristow (2012) reported that total specific surface area can be determined 
from CEC, so long as the preparation temperature did not exceed 110°C.  Refer to Chapter 3 for 
the importance of preheating temperatures. Thus to confirm if the expected specific surface area 
were indeed larger than those measured by nitrogen but avoiding the added complication of the 
organic matter-EGME interaction, total specific surface area were estimated from CEC values. 
By taking the measured CEC values, a CEC-derived total specific surface area can be calculated. 
The assumption that smectite clay is the largest contributor to specific surface area and CEC 










percentage in the rock. This is done by determining the ratio of smectite present in the sample, 
which is also a measure of expandable clays in the sample. The Monterey has expandable clays 
mainly from Illite/Smectite mixed layers. The percent smectite will account for the smectite present 
as pure endmember smectite or in a mixed layer such as with illite or chlorite. By taking the pure 
smectite endmember CEC of 100 
meq
100g





∗ 100                                                   (5-1) 
Once the smectite-equivalent percentage of the porcelanite samples was obtained, the total 
specific surface area was estimated with Equation 5-2. By assuming that smectite has a total 







                                                         (5-2) 
This simple conversion algorithm allows for the estimation of total specific surface area and can 
then be plotted to compare to the BET specific surface area obtained from nitrogen gas 
adsorption. Figure 5-14 shows the CEC - TSSA correlation from Figure 5-11, however, it also 
shows corrected TSSA values for the porcelanites derived with Equations 5-1 and 5-2. The 
corrected TSSA data agree well with the Revil and Cathless (1998) analysis. 
Thus the specific surface area values obtained by nitrogen gas adsorption are truly an 
underestimation. The total surface areas estimated by CEC are on average about 48 times larger 
than the BET specific surface areas obtained by nitrogen. As stated before, this is because 
nitrogen gas adsorption is conducted after a vacuum has been drawn on a sample and under this 
condition, the interlayers of expandable clays are collapsed (Derkowski and Bristow 2012). 
Derkowski and Bristow 2012, reported that the Monterey porcelanite ratio between TSSA 
and CEC was about 7.5. When determining TSSA from CEC, it is found that the ratio is 8, very 
close to the ratio proposed by Derkowski. Note that the correlation for total specific surface area 
obtained from CEC versus the CEC in Figure 5-14 is linear. This is because the surface area 
obtained in this way is only a function of the smectite equivalent, itself derived from the CEC. This 
calculation serves as an indication that the surface areas should be much higher than those 






Figure 5-14: Relationship between SSA and CEC for Monterey samples, pure clays and 
Monterey kerogen. Monterey porcelanite CEC values converted to TSSA. Shaly sands 
(Patchett, 1975), endmember clays (CMS), opal-CT porcelanite (N2), quartz porcelanite (N2), 
quartz porcelanite (EGME) (Derkowski and Bristow 2012), Monterey kerogen (Derkowski and 
Bristow 2012). The TSSA values derived from CEC values show agreement with the CEC-
TSSA correlations derived by Revil and Cathless (1998). 
 
It is recommended that BET specific surface areas obtained by nitrogen gas adsorption 
not be used as the absolute values of total specific surface area but rather used as qualitative 
parameters to compare the pore structure of various mudrocks. The EGME method to obtain the 
specific surface area should also be avoided for organic rich shales such as the Monterey. If they 
are used, it is advisable that they be corrected to the TOC values of the samples. The use of other 
gases, such as CO2 might be advisable to access a smaller pore range of porcelanite. However 






Chapter 6: CONCLUSION AND FUTURE RECOMENDATIONS 
The EIA recently downgraded the EUR estimates of the Monterey formation by 96%. 
However, with an increase in technology and completion techniques, the Monterey formation still 
offers potentially tantalizing economic recoveries for operators in the near future. If the industry is 
to unlock the Monterey “code”, seismic, core/log, fluid and production data will need to be used in 
symphony to establish geologic models and characterize reservoirs throughout the formation. 
Due to the limited understanding of porcelanite reservoirs, the practical applications of this 
work for petrophysical characterization are immense. This work covers a comprehensive 
background of the diagenetic nature of the Monterey and highlights some of the characterization 
complexities in porcelanite. The complexities in formation evaluation stem from the formation’s 
heterogeneous nature, being highly fractured, containing thin beds (multiple electrofacies), 
organic matter, interbedded carbonates, various clay types in a wide array of distributions, 
conductive minerals and possibly being fractionally-wet. 
Lab measurement conditions will influence the data quality taken from core. Optimal 
measurement conditions for Monterey core is limited in literature. One of the challenges of this 
study was to identify appropriate lab conditions for dielectric microscopy and nitrogen adsorption 
measurements. Chapter 3 identifies some of the areas of concern (temperature, permeability, 
sample mass/dimensions, sieve size etc.) when working with Monterey porcelanite.  
Mineralogy is a strong driver in wettability and pore structure. The imbibition results 
observed from the 2D dielectric scans and QEMSCAN® have meaningful implications of the 
natural wetting nature of the quartz phase porcelanite. The lab technique has applications to other 
unconventional plays and offers a way to potentially calibrate dielectric logs being used to 
determine water volumes. The nanometer pore size distributions show that carbonate volume, 
clay volume and clay type seem to have an effect on the pore volume in these pore sizes. Kerogen 
complicates the measurement of total specific surface area when using the traditional EGME 
method.  
This study developed a correlation between BET specific surface area (not affected by 
kerogen) and cation exchange capacity to be able to identify total specific surface areas and 
estimate CEC values from a simple nitrogen adsorption surface area measurement. This data set 
can be expanded to include SSA-CEC measurements of other unconventional formations. The 
conditions for these measurements are included in Appendix B. 
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Listed below are the key conclusions and observations found within this work: 
1. Dielectric Microscopy at high frequencies possibly shows that carbonate rich layers have 
a high affinity for oil, while quartz rich matrix requires higher porosity and microfractures 
for oil imbibition 
2. Higher oil saturation can be expected in dolomitic zones due to the lower capillary pressure 
needed by the encroaching oil to imbibe and displace interstitial pore fluids 
3. Fractional wettability would render an Archie-type equation inaccurate for water saturation 
determination without extensive calibration. The usage of an electrical double layer model 
has a stronger scientific pedigree to estimate water saturation in the Monterey formation 
4. Dielectric logs can be a useful tool to determine an independent water filled porosity and 
calibrate an electrical double layer model to better predict water saturation 
5. Clay content and clay type seem to influence the micro and mesopores regime (IUPAC), 
while carbonate content seems to increase the macroporosity regime in quartz phase 
porcelanite (IUPAC) 
6. EGME surface areas in porcelanite are an overestimate likely due to the high organic 
content. BET Specific Surface Area are an underestimate likely due to the non-
accessibility of the interlayers of smectite in quartz phase porcelanite 
7. Total Specific Surface area can be estimated from BET SA measurements using the BET 
SA-CEC correlation developed for quartz phase porcelanite in this study 
8. CEC is recommend for an estimate of TSSA. Gas adsorption with CO2  may be an 
adequate replacement for both 
9. CEC can quickly be determined from the measurements of specific surface area on 
porcelanite drill cuttings  to establish a correlation with log parameters 
The following work is recommended for the continual understanding of the Miocene Monterey 
formation. 
• Measure more CEC and specific surface area by nitrogen and CO2 on Monterey samples 
in the opal-A, opal-CT and quartz phase to allow for a comprehensive correlation at 
various depth of the Monterey 
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• Further work is needed to investigate if Monterey quartz phase porcelanite is fractionally 
wet due to complex mineralogical composition 
• Obtaining CEC values obtained from log measurements (Dielectric log), calibrated with 
lab-CEC values will be beneficial to the Monterey petrophysical characterization 
• Integration of Production data to petrophysical lab work would be beneficial to the 
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APPENDIX A: DIELECTRIC MICROSCOPY PROCEDURE AND DATA 
The following shows the experimental set up for deZabala’s work and the experimental 
set up for the spontaneous imbibition experiment used in this study. The exact degas and analysis 
conditions used for ASAP® 2020 are also shown here. The thermograms obtained from thermal 
gravimetric analysis are shown here. Tabular data for specific surface area and CEC for Monterey 
porcelanite can be found here. 
A.1  Spontaneous Imbibition Experiment: deZabala (1999) 
The following section describes the Spontaneous Imbibition experiment used in (1999) 
study on Monterey porcelanite reservoirs. These wettability tests were conducted on opal-CT 
porcelanite, interbedded sandstone (clay poor) and Sandstone with significant clay/silt content. 
The samples were 1.5” diameter by 2” length core plugs. They were cleaned with 
toluene/methanol at ambient conditions and then saturated with brine for the USBM/Amott 
wettability tests. This cleaning method is not expected to change the grain wettability. For the 
spontaneous imbibition experiment, the sample were taken “as is” with no solvent extraction. The 
samples where then drained in a centrifuge down to irreducible water saturation with Monterey 
stock tank oil (deZabala 1999). 
Spontaneous imbibition experiments were conducted at reservoir conditions (crude oil 
temperature at T=155F). USBM/Amott wettability tests were conducted at ambient conditions. 
Despite the small pore sizes documented in opal-CT rocks, and the larger irreducible water 
saturation when compared to sandstone (68% vs 40%), spontaneous imbibition of brine 
recovered 70% of the initial oil saturation, taking the total water saturation to Sw=91% 
(Montgomery and Morea 2001). Forced imbibition in the centrifuge only recovered an additional 
3% of oil, for a total water saturation of 94%, even when exposed to -186 psia of capillary pressure 
(deZabala 1999). The sample was then exposed to stock tank oil, and allowed to naturally imbibe. 
A negligible amount of brine was recovered and subsequent forced imbibition (+187.6 psia) with 
oil still retained a large water saturation value (Sw 80.6%). This indicated large water trapping in 
the opal-CT, during secondary drainage (deZabala 1999).The large amount of brine imbibed vs 
the low amount of oil imbibed, attest to the sample being moderately to strongly water wet. This 
conclusion was well supported by a high Amott wettability index +0.78. Furthermore a USBM 
index value of +0.33 suggests that this sample is weakly water wet to exhibiting no mixed-wet 
characteristics (deZabala 1999). 
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Sandstone samples showed a slightly different behavior than the opal-CT rocks. 
Irreducible water saturation was about 40% and when the sample was exposed to brine, 49.7% 
of oil saturation was recovered (Sw 69.5%). Forced imbibition in the centrifuge recovered an 
additional 43.5% of oil saturation, yielding a total water saturation of 95.9% at a capillary pressure 
of -201.7 psia (deZabala 1999). The sample was then exposed to stock tank oil and spontaneous 
imbibition reduced water saturation from 95.9% to 89.1%. Subsequent forced oil imbibition yielded 
a water saturation of 54.9% at capillary pressures of 197.9psia. The sandstone sample was 
identified as exhibiting a weakly water wet to mixed-wet behavior. This mixed-wet behavior was 
reflected by water-oil Amott index +0.37. Furthermore, the USBM index of -0.08 indicates a slightly 
oil-wet tendency (deZabala 1999). The Amott index is a better indication of wettability, but the 
sample did imbibed both brine and oil, however the imbibition of the brine was more significant 
(deZabala 1999). 
A.2  Spontaneous Imbibition Experiment: Design and Procedure in This Study 
Figure A-1 below describes the overall experimental set up developed and used in this 
study. Experimental contributions from Nathan Greeney. 
 
Figure A-1: Summary of natural imbibition experiment done on Monterey porcelanite. Step one 
involved preparation of Square Sample. Step 2 involved saturating the sample for 3 days. Step 




The following describes the step process used to prepare the Monterey samples for dielectric 
measurement.  
1. End trim of porcelanite core plug was taken. The dimensions of the end trim were 1” 
diameter by 0.15” in thickness. The sample was then cut into a square dimension as can 
be seen in Figure A-2. 
2. An initial scan was run on “as received” prepared sample 
 
Figure A-2: Porcelanite sample preparation. (Left) Original dimension of sample. (Right) 
Inscribed square-dimensioned sample. 
 
3. The sample was saturated with brine in a saturation chamber under vacuum, as can be 
seen in Figure A-3. 
The porcelanite samples were saturated with 20 kppm NaCl solution. This solution was 
made from deionized, CO2 free water. Since the solution was used over a period of weeks 
and not months, no mercuric chloride needed to be added for the prevention of microbes. 
The purpose of the chamber in Figure A-3 was to decrease the amount of time needed for 
full sample saturation. The petri dish shown in Figure A-3 was completely filled with brine 
and the thin porcelanite samples were allowed to sit in brine solution for 3 days. A pressure 
vessel for saturation purposes was not used because of the small dimensions of the 
sample, increasing the risk of breaking the sample under pressure. 
4. The sample was exposed to a pre-measured film of mineral oil for 3 days and allowed to 
imbibe the fluid. 
This was a paraffinic NF/FCC white mineral oil obtained from Fisher Scientific, with a 





Figure A-3: Saturation chamber used to saturate the porcelanite samples. 
 
The petri dish was filled with a fixed thin (1 mm) film of Mineral oil for each sample. In all, 
the porcelanite samples were exposed to the mineral oil for 3 days. 
 
Figure A-4: Exposure of square porcelanite sample to film of oil. 
 
5. The sample was loaded and a scan taken of the now dual-fluid saturated sample. 
The porcelanite samples were loaded on a Teflon holder. Saran wrap was used to cover 
the exposed surfaces of the sample once loaded on the holder. Teflon screws were used 





















Appendix B: ASAP MONTEREY PROCEDURE  
The following section outlines the ASAP instrument procedures used in this study. It is the 
hope of the author that analysis on the ASAP instrument with Monterey and/or other rock samples 
can be easily reproduced using the ASAP analysis and degas conditions outlined here. 
Furthermore, for the sake of uniformity, the exact procedures used in this study are outlined here. 
B.1  Nitrogen Gas Adsorption: ASAP® Standard Operating Procedures 
For further details, please refer to the ASAP 2020 Operator Manual V4.00 
 Sample Tubes are cleaned in an ultrasonicator with 5 grams of Alconox per 500ml of warm 
water. The filler rods are scraped and allowed to air dry (No ultrasonicator). 
 The sample tubes are placed in an oven for 1hr 
 The sample tubes are wiped with a lint-free wipe and labeled 
 The analytical balance is calibrated and the weight of the empty sample tube, filler rode 
and seal frit is taken 
 The sample is loaded. If powdered sample, a funnel is used. If the sample is intact, careful 
placement to avoid breaking the bottom of the sample tube is required. 
 The weight of the sample tube plus sample is taken and recorded 
 The sample tube plus sample is loaded for Degas 
 Degas time and conditions depend on the sample morphology and mineralogy. Usually 
between 12-24 hours. 
 Once Degas is complete, Sample tube is weighed on the analytical balance and recorded. 
 Initial empty mass is subtracted from the after-degas mass to obtained the mass of the 
cleaned sample 
 The sample tube plus sample is loaded for analysis. Place the isothermal jacket on the 




B.2  Monterey Porcelanite ASAP® Analysis and Degas 
The following section described the degas conditions developed and used in this study for 
Monterey porcelanite.  
Degas Conditions: The Degas conditions were set based on API recommendations, 
IUPAC (Pierotti and Rouquerol 1985b), recommendations and in accordance to ISO 9277:2010 
 Evacuation Phase (API Standard) 
o Temp Ramp Rate (advancing to target temp): 5°C/min 
o Target Temp: 100°C 
o Evacuation Rate (powder): 5mmHg/s 
o Unrestricted evacuation. From (pressure @ unrestricted evacuation occurs ): 2 
mmHg 
o Vacuum setpoint (vacuum level before evacuation begins): 10μmHg 
o Evacuation time: 60 mins 
 Heating Phase (API Standard) 
o Ramp Rate: 5°C/min 
o Hold Temp: 110°C (API and Corelab conventional PKS) 
o Hold Time: 720 min (12 Hours) 
o Hold Pressure (safety pressure if temp ramp exceeds pressure): 10 mmHg 
 Duration of Overall Degas Process 
o The sample was kept under the degas phase until the out-gassing rate was below 
0.010 Torr/min over a 900 sec interval. 





Analysis Conditions: The Analysis conditions were set in accordance to ISO 9277:2010 
 Analysis Preparation 
o Starting and Ending Relative Pressure: 0.0125-0.995 
o Vacuum Set point (vacuum level before evacuation): 10 μmHg 
o Evacuation Time (preliminary evacuation): 0.5 hrs. 
o Unrestricted evacuation from (powder): 5 mmHg 
 Free Space Measurement 
o Free space measured automatically (good for mesopores and routine SA) 
o Evacuation time (following measured free space): 0.75 hrs. 
o Outgas test: Checks for leaks after free space (increases analysis time) 
 Saturation Pressure and Temperature Options 
o Measure Po at intervals during analysis 
o Measure interval: 60 min 
 Nitrogen Dosing 
o Absolute and Relative Pressure Tolerance (proximity of actual pressure to target 
pressure): 2.5 mmHg and 2.5% 
 Pressure Equilibration 
o Equilibration interval (time between successive pressure reading during 
equilibration): 10 sec 
o Minimum Equilibration delay at P/Po>=0.995 (equilibration time if pressure 





B.3.1  Sample Preparation: Quartz-phase porcelanite 
Thermographs for quartz rich porcelanite samples are shown below. These were done on 
samples from both central and western San Joaquin basin. The majority of clay bound water is 
lost before 100°C, except a single sample that seems to hold clay bound water up to a 
temperature of 130°C. 
 




Figure B-2: DTG for quartz rich porcelanite samples in central and western San Joaquin Basin. 




These samples seem to have a low organic matter content, as depicted by the low change 
in mass around 450°C. 700°C seems to be the temperature at which matrix minerals (e.g., calcite, 
dolomite, ankerite, quartz) breakdown (Scales and Batzle, 2006). 
B.3.2  Sample Preparation: Opal-CT porcelanite and Organic Matter Content 
In the subsurface, the alteration from opal-CT to quartz phase occurs from 80°C-110°C In 
lab conditions however, there are many factors that would impede this transformation at this 
temperature range. Chapter 1 (Table 1-1) discussed the parameters of importance for the 
transformation between opal-CT to quartz. Time is also an important parameter that must be 
considered, all other things remaining constant. Blatt et al. (1980) suggests that in the laboratory, 
at 200°C the transformation from opal-CT to microcrystalline quartz would occur in the timescale 
of decades. Exposing opal-CT rich rocks to 110°C would require 40,000 years to transform to 
quartz rich rocks (DeMaster 2003). 
The TGA below shows the opal-CT rock being exposed to a temperature program from 
25°C-500°C. This profile was used to assess the temperature that was required to remove the 
clay bound water, but trigger no alteration on the silica phase or thermal maturation of the organic 
matter. Most of the clay bound water is released by 150°C. However, preheating at 110°C did not 
significantly change the surface areas of the sample. The large peak around 450°C can be from 
organic content but due to the temperature ramp rate, this might also be due to changes in the 
silica phase of the opal-CT frustules. 
 




Figure B-4 shows the thermograph of kerogen type II. Pure kerogen was run to understand its 
impact on organic matter rich samples. Notice the highest weight loss (thermal maturation) occurs 
around 450°C. 
 
Figure B-4: TG and DTG of Kerogen type II. Note the lab thermal decomposition of organic 
compounds occurs around 450°C, which is around the temperature we see a peak in the opal-















APPENDIX C: ASAP MONTEREY DATA 
The following section has the raw specific surface area measurement data collected in 
this study. Combined with the surface area data, cation exchange capacity measurements are 
also tabulated and a comparison of total specific surface area from CEC is shown. Data from the 
Clay Mineral Society is also shown here. 
C.1  Specific Surface Area (Nitrogen) and CEC DATA 
The following is the BET Specific surface area determined by nitrogen gas adsorption. 
CEC values were obtained by an external lab for the same samples. 
Table C-1: BET Specific Surface Area by Nitrogen Gas Adsorption. Cation Exchange Capacity 
















WSJ 5300 0.46 ± 0.0070 3.49 3.5 27.9 
WSJ 5360 2.22 ± 0.0100 7.24 7.2 57.9 
WSJ 5425 0.74 ± 0.0062 6.10 6.1 48.8 
WSJ 5545 0.30 ± 0.0056 - - - 
WSJ 5574 2.42 ± 0.0123 10.11 10.1 80.9 
WSJ 6616 2.22 ± 0.0063 10.23 10.2 81.9 
WSJ 7906 1.21 ± 0.0074 11.58 11.6 92.6 
WSJ 8539 0.53 ± 0.0028 3.28 3.3 26.3 
WSJ 8935 0.55 ± 0.0033 - - - 
WSJ 8960 0.53 ± 0.0043 - - - 
WSJ 9097 0.28 ± 0.0050 - - - 
WSJ 9193 2.20 ± 0.0047 11.69 11.7 93.5 
WSJ 9447.5 0.38 ± 0.0016 2.95 2.9 23.6 







Table C-2: BET Specific Surface Area by Nitrogen Gas Adsorption. Cation Exchange Capacity 















WSJ 5475.9 1.0943 ± 0.0076 8.51 8.5 68.1 
WSJ 5477.8 1.1813 ± 0.0062 5.59 5.6 44.7 
WSJ 7220.8 1.2284 ± 0.0049 8.75 8.8 70.0 
WSJ 7223.7 0.9352 ± 0.0040 8.09 8.1 64.7 
WSJ 7228.2 1.5849 ± 0.0069 - - - 
WSJ 7626.3 1.127 ± 0.0047 8.80 8.8 70.4 
WSJ 7750.7 0.8738 ± 0.0059 - - - 
WSJ 7750.8 1.0865 ± 0.0060 4.30 4.3 34.4 
WSJ 7751.8 0.6525 ± 0.0031 9.85 9.9 78.8 
WSJ 7755.5 1.273 ± 0.0038 6.25 6.2 50.0 
WSJ 8154.5 0.6255 ± 0.0053 5.82 5.8 46.6 
 
Table C-3: BET Specific Surface Area by Nitrogen Gas Adsorption. Cation Exchange Capacity 















CSJ 13071.6 3.0722 ± 0.0129 22.72 22.7 181.7 
CSJ 13087.2 18.3675 ± 0.0479 36.59 36.6 292.7 
CSJ 13105.45 1.9169 ± 0.0065 10.01 10.0 80.1 
CSJ 13111.7 0.7403 ± 0.0069 4.19 4.2 33.5 
CSJ 13116.1 1.9757 ± 0.0024 11.32 11.3 90.5 
CSJ 13116.9 1.2016 ± 0.0025 11.16 11.2 89.3 
CSJ 13118.7 0.9992 ± 0.0083 5.98 6.0 47.9 
CSJ 13139.05 1.4326 ± 0.0041 - - - 
CSJ 13139.9 1.9219 ± 0.0044 10.93 10.9 87.4 




Table C-4: BET Specific Surface Area by Nitrogen Gas Adsorption. Cation Exchange Capacity 
by Cobalt (III)-Hexamine. Quartz phase and opal-CT (*) porcelanite samples from the central 
















      
CSJ 2845.9* 44.9967 ± 0.1214 7.63 7.6 61 
CSJ 2856* 45.5518 ± 0.1763 4.86 4.9 38.9 
CSJ 6248.1 4.9233 ± 0.0064 10.88 10.9 87 
CSJ 6249.1 2.7178 ± 0.0048 8.21 8.2 65.7 
CSJ 6253.5 2.4928 ± 0.0051 9.22 9.2 73.8 
 
C.2  Surface Area and CEC of Pure Clays (Clay Mineral Society) 
 
Table C-5: Specific Surface Area by Nitrogen Gas Adsorption and Cation Exchange Capacity by 
the Ammonia-Electrode method. Clays are from the Clay Mineral Society (Olphena 2012). 






Kaolinite (KGa-2) 23.5 3.3 
Cheto 97.42 120 
Hectorite 63.19 43.9 
Texas Montmorillonite 83.79 84.4 
Na-Montmorillonite 31.82 76.4 
Barasym SSM-100 133.66 140 










C.3 Raw Monterey Isotherms 
 
Table C-6: ASAP 2020 Isotherm for Monterey Porcelanite. Sample 1 from Central San               
Joaquin Basin 
Adsorption Isotherm- Central San Joaquin Basin 
Central well 1:  
2845.9 ft 
Central well 1:   Central well 1:   Central well 1:  
6249.1 ft  
Central well 1:  




































0.012 7.524 0.013 7.307 0.013 0.821 0.012 0.423 0.013 0.389 
0.025 8.405 0.025 8.226 0.026 0.909 0.025 0.472 0.025 0.429 
0.05 9.435 0.049 9.303 0.051 0.999 0.052 0.536 0.052 0.482 
0.075 10.15 0.077 10.148 0.074 1.069 0.075 0.576 0.074 0.518 
0.093 10.564 0.088 10.425 0.09 1.11 0.09 0.601 0.09 0.54 
0.11 10.92 0.11 10.918 0.11 1.157 0.11 0.628 0.11 0.567 
0.135 11.407 0.135 11.452 0.135 1.212 0.135 0.662 0.135 0.595 
0.15 11.686 0.15 11.748 0.15 1.244 0.149 0.68 0.15 0.614 
0.176 12.137 0.175 12.218 0.175 1.295 0.175 0.711 0.175 0.643 
0.201 12.574 0.201 12.684 0.2 1.348 0.2 0.739 0.2 0.671 
0.226 13.012 0.226 13.138 0.225 1.402 0.225 0.768 0.225 0.7 
0.252 13.449 0.251 13.595 0.25 1.457 0.25 0.797 0.25 0.728 
0.277 13.892 0.276 14.051 0.275 1.514 0.275 0.825 0.276 0.757 
0.303 14.344 0.302 14.519 0.3 1.572 0.3 0.854 0.301 0.786 
0.341 15.025 0.34 15.239 0.34 1.671 0.34 0.9 0.341 0.833 
0.38 15.775 0.38 16.012 0.381 1.776 0.381 0.946 0.381 0.879 
0.421 16.575 0.421 16.825 0.421 1.882 0.42 0.991 0.421 0.924 
0.461 17.415 0.461 17.685 0.461 1.99 0.46 1.038 0.462 0.97 
0.501 18.318 0.501 18.605 0.501 2.096 0.5 1.085 0.502 1.014 
0.541 19.31 0.54 19.602 0.541 2.204 0.54 1.135 0.541 1.061 
0.581 20.417 0.58 20.713 0.58 2.314 0.58 1.187 0.581 1.112 
0.621 21.665 0.62 21.983 0.621 2.432 0.62 1.244 0.621 1.167 
0.66 23.132 0.66 23.472 0.661 2.562 0.66 1.307 0.661 1.23 
0.7 24.909 0.699 25.277 0.701 2.706 0.701 1.386 0.701 1.302 
0.738 27.019 0.739 27.565 0.741 2.873 0.741 1.478 0.741 1.386 
0.779 29.986 0.778 30.617 0.781 3.072 0.781 1.593 0.781 1.488 
0.818 33.832 0.821 35.42 0.821 3.317 0.821 1.735 0.821 1.615 
0.859 40.001 0.857 41.699 0.861 3.634 0.86 1.916 0.861 1.788 
0.886 46.137 0.888 50.829 0.891 3.964 0.89 2.096 0.891 1.973 
0.899 49.675 0.898 55.08 0.902 4.125 0.9 2.171 0.903 2.066 
0.907 52.702 0.908 59.905 0.911 4.27 0.91 2.243 0.912 2.154 
0.918 57.341 0.916 65.359 0.92 4.448 0.92 2.335 0.92 2.252 
0.927 62.502 0.926 74.117 0.93 4.668 0.929 2.438 0.93 2.383 
0.937 68.712 0.938 86.85 0.94 4.943 0.939 2.563 0.94 2.55 
0.946 76.501 0.947 101.485 0.95 5.297 0.95 2.713 0.95 2.765 
0.952 82.784 0.953 113.051 0.956 5.56 0.955 2.818 0.956 2.92 
0.957 87.031 0.957 125.907 0.961 5.814 0.961 2.922 0.961 3.077 
0.961 94.418 0.962 140.981 0.966 6.13 0.965 3.026 0.965 3.255 
0.967 103.413 0.967 157.9 0.97 6.508 0.971 3.173 0.97 3.484 
0.972 112.644 0.971 169.66 0.975 6.978 0.975 3.306 0.975 3.771 
0.976 119.635 0.976 180.841 0.979 7.453 0.98 3.496 0.98 4.115 
0.979 127.906 0.979 186.528 0.982 7.879 0.983 3.612 0.983 4.364 
0.982 135.544 0.982 190.734 0.985 8.297 0.985 3.712 0.985 4.586 




Table C-6 continued: ASAP 2020 Isotherm for Monterey Porcelanite. Sample 1 from Central 
San Joaquin Basin 
Adsorption Isotherm- Central San Joaquin Basin 
Central well 1:    
2845.9 ft 
Central well 1:   Central well 1:   Central well 1:    
6249.1 ft  
Central well 1:    




































0.987 146.044 0.986 197.748 0.989 9.172 0.99 4 0.99 5.164 
0.989 150.199 0.988 201.944 0.991 9.623 0.992 4.118 0.992 5.463 
0.99 152.689 0.99 204.659 0.992 10.093 0.994 4.282 0.993 5.765 
0.991 155.092 0.991 207.331 0.994 10.52 0.995 4.338 0.994 6.051 
0.994 159.334 0.994 211.954 0.995 10.98 0.998 4.591 0.996 6.388 
0.992 158.985 0.992 211.363 0.992 10.739 0.993 4.3 0.994 6.173 
0.991 158.538 0.991 210.615 0.99 10.454 0.987 4.078 0.992 5.97 
0.99 158.079 0.99 209.822 0.989 10.177 0.981 3.852 0.99 5.76 
0.989 157.422 0.989 208.756 0.987 9.956 0.974 3.677 0.987 5.555 
0.987 156.633 0.988 207.467 0.985 9.62 0.971 3.604 0.985 5.396 
0.984 155.812 0.986 206.005 0.982 9.325 0.965 3.477 0.982 5.202 
0.983 154.874 0.982 202.92 0.98 9.1 0.961 3.391 0.98 5.052 
0.978 152.823 0.978 198.777 0.975 8.651 0.955 3.3 0.975 4.799 
0.971 149.563 0.972 194.342 0.97 8.237 0.95 3.222 0.97 4.566 
0.965 146.937 0.967 190.267 0.965 7.954 0.94 3.084 0.965 4.402 
0.963 145.796 0.962 186.061 0.96 7.657 0.93 2.967 0.96 4.231 
0.958 142.973 0.957 182.229 0.955 7.374 0.92 2.867 0.955 4.081 
0.952 139.768 0.952 178.099 0.95 7.152 0.91 2.778 0.949 3.946 
0.944 132.131 0.943 168.064 0.94 6.733 0.901 2.699 0.94 3.718 
0.933 112.833 0.933 141.067 0.93 6.393 0.89 2.618 0.929 3.506 
0.924 95.883 0.924 109.462 0.92 6.116 0.862 2.438 0.919 3.34 
0.912 79.807 0.909 82.066 0.91 5.857 0.82 2.221 0.909 3.183 
0.904 72.447 0.904 77.116 0.9 5.63 0.781 2.056 0.9 3.056 
0.894 65.78 0.894 68.681 0.889 5.426 0.74 1.914 0.89 2.931 
0.864 50.948 0.86 49.303 0.863 4.986 0.7 1.79 0.863 2.662 
0.818 38.515 0.823 39.527 0.817 4.448 0.659 1.687 0.818 2.341 
0.782 33.516 0.783 33.247 0.782 4.142 0.62 1.6 0.782 2.154 
0.744 29.457 0.738 28.698 0.741 3.86 0.58 1.522 0.741 1.993 
0.701 26.194 0.701 25.994 0.7 3.631 0.539 1.452 0.7 1.862 
0.662 23.913 0.664 23.95 0.66 3.446 0.499 1.389 0.66 1.756 
0.623 22.137 0.622 22.194 0.62 3.284 0.464 1.182 0.62 1.664 
0.583 20.638 0.582 20.821 0.58 3.14 0.416 1.006 0.58 1.584 
0.541 19.275 0.541 19.645 0.539 3.005 0.38 0.951 0.54 1.51 
0.501 18.169 0.501 18.608 0.5 2.882 0.33 0.889 0.5 1.443 
0.462 17.149 0.46 17.659 0.462 2.422 0.3 0.853 0.461 1.163 
0.42 16.133 0.42 16.766 0.413 1.933 0.25 0.793 0.415 0.956 
0.378 15.266 0.379 15.94 0.375 1.797 0.2 0.733 0.38 0.902 
0.343 14.593 0.34 15.168 0.333 1.673 0.15 0.672 0.331 0.841 
0.302 13.822 0.3 14.408 0.3 1.588 0.135 0.652 0.3 0.805 
0.251 12.932 0.25 13.49 0.25 1.466 0.1 0.603 0.25 0.747 
0.202 12.059 0.2 12.582 0.2 1.352  - -  0.2 0.69 
0.145 11.031 0.15 11.642 0.15 1.239 -  -  0.15 0.633 
0.136 10.862 0.135 11.332 0.135 1.202 -  -  0.135 0.613 




Table C-7: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 2 from Central San Joaquin 
Basin 
Adsorption Isotherm- Central San Joaquin Basin 
Central well 2:  
13071.6 ft. 
Central well 2:  
13087.2 ft. 
Central well 2:  
13105.45 ft. 
Central well 2:  
13111.7 ft. 





































0.013 0.471 0.013 3.237 0.012 0.208 0.013 0.087 0.013 0.266 
0.02 0.507 0.026 3.462 0.026 0.264 0.026 0.111 0.027 0.312 
0.027 0.535 0.05 3.742 0.052 0.33 0.053 0.147 0.051 0.363 
0.037 0.57 0.077 4.031 0.074 0.368 0.075 0.164 0.074 0.397 
0.05 0.604 0.09 4.148 0.09 0.393 0.09 0.169 0.09 0.418 
0.063 0.632 0.11 4.307 0.11 0.418 0.11 0.177 0.11 0.441 
0.075 0.655 0.134 4.508 0.135 0.447 0.135 0.187 0.135 0.467 
0.083 0.668 0.15 4.63 0.15 0.462 0.15 0.188 0.149 0.482 
0.09 0.678 0.174 4.821 0.175 0.484 0.175 0.196 0.175 0.505 
0.1 0.694 0.199 5.014 0.201 0.507 0.2 0.205 0.2 0.528 
0.11 0.704 0.224 5.217 0.225 0.529 0.225 0.209 0.225 0.551 
0.123 0.722 0.249 5.429 0.25 0.55 0.25 0.209 0.25 0.573 
0.135 0.738 0.274 5.64 0.275 0.571 0.276 0.214 0.275 0.595 
0.143 0.747 0.3 5.874 0.301 0.592 0.301 0.219 0.301 0.619 
0.15 0.756 0.34 6.246 0.341 0.625 0.341 0.233 0.341 0.656 
0.163 0.771 0.381 6.63 0.38 0.658 0.381 0.247 0.381 0.694 
0.175 0.788 0.421 6.992 0.421 0.694 0.421 0.261 0.421 0.735 
0.2 0.823 0.461 7.336 0.461 0.732 0.461 0.276 0.461 0.778 
0.225 0.859 0.5 7.665 0.501 0.773 0.501 0.293 0.501 0.824 
0.25 0.895 0.54 7.999 0.541 0.817 0.541 0.312 0.541 0.875 
0.275 0.933 0.58 8.347 0.581 0.866 0.581 0.333 0.581 0.931 
0.3 0.972 0.62 8.721 0.621 0.921 0.621 0.358 0.621 0.996 
0.34 1.034 0.66 9.137 0.661 0.986 0.661 0.386 0.661 1.07 
0.381 1.104 0.7 9.61 0.701 1.066 0.701 0.417 0.701 1.159 
0.421 1.177 0.74 10.167 0.741 1.164 0.741 0.459 0.741 1.269 
0.461 1.253 0.78 10.836 0.781 1.293 0.781 0.514 0.781 1.405 
0.501 1.336 0.819 11.667 0.821 1.468 0.821 0.59 0.821 1.586 
0.541 1.426 0.858 12.771 0.861 1.727 0.861 0.708 0.86 1.837 
0.581 1.528 0.891 14.157 0.891 2.033 0.891 0.854 0.891 2.115 
0.621 1.643 0.9 14.656 0.902 2.191 0.902 0.932 0.902 2.252 
0.661 1.78 0.909 15.18 0.911 2.339 0.911 1.01 0.911 2.373 
0.701 1.945 0.917 15.792 0.921 2.529 0.92 1.117 0.921 2.52 
0.741 2.148 0.929 16.851 0.931 2.77 0.93 1.256 0.93 2.695 
0.781 2.405 0.938 17.965 0.941 3.067 0.94 1.446 0.94 2.904 
0.82 2.741 0.948 19.367 0.95 3.43 0.95 1.707 0.95 3.176 
0.86 3.218 0.952 20.019 0.956 3.702 0.956 1.915 0.956 3.368 
0.89 3.746 0.958 21.255 0.96 3.975 0.961 2.135 0.96 3.532 
0.902 4.009 0.963 22.56 0.966 4.335 0.965 2.397 0.966 3.795 
0.911 4.24 0.967 23.898 0.97 4.717 0.97 2.777 0.97 4.003 
0.92 4.523 0.971 25.461 0.975 5.222 0.975 3.258 0.975 4.326 
0.93 4.877 0.976 27.683 0.98 5.909 0.979 3.846 0.979 4.644 
0.94 5.307 0.979 29.092 0.983 6.473 0.982 4.361 0.983 4.924 
0.95 5.862 0.981 30.486 0.985 6.9 0.985 4.878 0.985 5.188 






Table C-7 continued: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 2 from Central 
San Joaquin Basin 
Adsorption Isotherm- Central San Joaquin Basin 
Central well 2:  
13071.6 ft. 
Central well 2:  
13087.2 ft. 
Central well 2:  
13105.45 ft. 
Central well 2:  
13111.7 ft. 





































0.96 6.567 0.986 34.253 0.989 8.045 0.988 5.972 0.989 5.744 
0.965 6.995 0.988 36.48 0.991 8.651 0.99 6.551 0.991 6.033 
0.97 7.503 0.99 38.729 0.993 9.284 0.991 7.17 0.993 6.333 
0.975 8.152 0.991 40.05 0.994 9.876 0.992 7.772 0.994 6.607 
0.98 8.978 0.994 43.104 0.995 10.529 0.994 8.935 0.995 6.913 
0.982 9.571 0.993 42.913 0.993 10.171 0.993 8.637 0.993 6.75 
0.985 10.065 0.992 42.67 0.991 9.752 0.991 8.27 0.992 6.558 
0.987 10.654 0.991 42.409 0.989 9.352 0.99 7.9 0.99 6.366 
0.989 11.409 0.99 42.033 0.987 9.055 0.988 7.415 0.988 6.144 
0.991 12.242 0.989 41.568 0.985 8.706 0.986 6.862 0.987 6.045 
0.994 13.288 0.986 40.529 0.982 8.244 0.983 6.293 0.984 5.763 
0.995 13.998 0.983 39.153 0.98 7.925 0.981 5.771 0.982 5.601 
0.998 15.573 0.977 36.711 0.975 7.279 0.977 5.096 0.977 5.215 
0.992 13.675 0.972 34.837 0.969 6.697 0.971 4.403 0.971 4.867 
0.987 11.847 0.967 33.038 0.966 6.421 0.965 3.81 0.965 4.598 
0.979 10.176 0.962 31.547 0.96 6.01 0.961 3.442 0.961 4.424 
0.966 8.561 0.957 30.19 0.955 5.651 0.955 3.074 0.956 4.245 
0.948 7.286 0.951 28.804 0.95 5.398 0.95 2.772 0.95 4.065 
0.921 6.134 0.941 26.455 0.94 4.914 0.94 2.313 0.941 3.823 
0.891 5.381 0.933 24.827 0.93 4.538 0.93 1.977 0.929 3.573 
0.858 4.784 0.923 23.096 0.92 4.255 0.921 1.741 0.921 3.424 
0.822 4.318 0.912 21.467 0.91 3.984 0.91 1.524 0.91 3.252 
0.781 3.904 0.901 20.178 0.9 3.76 0.9 1.358 0.901 3.114 
0.74 3.566 0.89 19.137 0.89 3.575 0.89 1.222 0.89 2.987 
0.699 3.286 0.857 16.564 0.862 3.146 0.861 0.946 0.864 2.717 
0.66 3.051 0.817 14.602 0.819 2.681 0.819 0.724 0.819 2.374 
0.62 2.842 0.777 13.299 0.781 2.385 0.781 0.599 0.782 2.162 
0.579 2.65 0.741 12.382 0.74 2.131 0.74 0.509 0.741 1.967 
0.539 2.476 0.702 11.63 0.7 1.923 0.7 0.443 0.7 1.8 
0.499 2.313 0.661 10.978 0.66 1.749 0.659 0.392 0.66 1.659 
0.468 1.755 0.62 10.436 0.62 1.597 0.619 0.348 0.62 1.533 
0.415 1.224 0.581 9.978 0.58 1.463 0.579 0.31 0.58 1.421 
0.355 1.081 0.541 9.558 0.539 1.339 0.539 0.275 0.54 1.321 
0.316 0.999 0.5 9.165 0.5 1.229 0.5 0.242 0.5 1.23 
0.3 0.961 0.458 8.109 0.457 0.842 0.461 0.193 0.461 0.972 
0.25 0.868 0.417 7.125 0.417 0.753 0.408 0.15 0.413 0.791 
0.201 0.778 0.378 6.666 0.369 0.703 0.369 0.121 0.382 0.748 
0.151 0.685 0.333 6.217 0.329 0.665 0.329 0.092 0.331 0.695 
0.127 0.615 0.301 5.918 0.3 0.638 0.289 0.063 0.3 0.664 
0.095 0.506 0.249 5.459 0.25 0.594 0.239 0.027 0.249 0.616 
- - 0.2 5.048 0.2 0.549 0.193 -0.131 0.2 0.569 
- - 0.15 4.654 0.15 0.499 0.14 -0.628 0.15 0.519 
- - 0.136 4.546 0.135 0.482 0.127 -1.145 0.135 0.502 





Table C-8: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 3 from Central San   
Joaquin Basin 
Adsorption Isotherm- Central San Joaquin Basin 





























0.013 0.942 0.013 0.895 0.013 0.424 0.012 0.255 
0.026 1.096 0.026 1.035 0.026 0.521 0.025 0.302 
0.053 1.285 0.049 1.192 0.052 0.644 0.051 0.363 
0.08 1.419 0.074 1.314 0.074 0.716 0.074 0.398 
0.09 1.461 0.089 1.376 0.09 0.761 0.09 0.42 
0.11 1.536 0.11 1.453 0.11 0.81 0.11 0.444 
0.135 1.624 0.135 1.537 0.135 0.863 0.135 0.471 
0.15 1.671 0.15 1.583 0.15 0.893 0.15 0.485 
0.175 1.748 0.175 1.659 0.175 0.941 0.175 0.509 
0.2 1.818 0.2 1.728 0.2 0.982 0.2 0.53 
0.225 1.892 0.226 1.803 0.225 1.025 0.226 0.552 
0.251 1.963 0.25 1.874 0.25 1.066 0.251 0.574 
0.276 2.035 0.276 1.947 0.276 1.107 0.275 0.595 
0.301 2.108 0.301 2.02 0.301 1.149 0.301 0.617 
0.341 2.225 0.341 2.142 0.341 1.214 0.341 0.653 
0.381 2.348 0.381 2.268 0.381 1.282 0.381 0.691 
0.421 2.477 0.421 2.4 0.421 1.355 0.421 0.73 
0.461 2.613 0.461 2.539 0.461 1.431 0.461 0.773 
0.501 2.76 0.501 2.689 0.501 1.514 0.501 0.819 
0.541 2.921 0.541 2.856 0.541 1.605 0.541 0.87 
0.581 3.102 0.581 3.042 0.581 1.707 0.581 0.927 
0.621 3.303 0.621 3.254 0.621 1.82 0.621 0.992 
0.661 3.537 0.661 3.502 0.661 1.959 0.661 1.069 
0.701 3.819 0.701 3.804 0.701 2.128 0.701 1.161 
0.741 4.162 0.741 4.176 0.741 2.34 0.741 1.275 
0.78 4.605 0.78 4.658 0.781 2.615 0.781 1.421 
0.82 5.204 0.82 5.305 0.821 2.996 0.82 1.619 
0.859 6.078 0.859 6.238 0.86 3.557 0.859 1.903 
0.889 7.146 0.889 7.38 0.89 4.225 0.89 2.232 
0.903 7.798 0.903 8.065 0.902 4.576 0.902 2.411 
0.912 8.347 0.912 8.613 0.911 4.901 0.911 2.558 
0.92 8.965 0.92 9.233 0.92 5.303 0.92 2.74 
0.929 9.714 0.929 9.998 0.93 5.812 0.93 2.974 
0.937 10.606 0.938 10.899 0.94 6.447 0.94 3.274 
0.949 12.163 0.946 11.934 0.95 7.26 0.95 3.642 
0.953 12.968 0.952 12.835 0.956 7.803 0.955 3.91 
0.958 13.855 0.957 13.701 0.96 8.35 0.96 4.163 
0.962 14.71 0.962 14.55 0.965 8.98 0.965 4.437 
0.968 16.398 0.966 15.45 0.97 9.717 0.969 4.781 
0.972 17.455 0.973 17.034 0.975 10.642 0.974 5.159 
0.977 19.616 0.977 17.926 0.98 11.721 0.978 5.589 
0.98 20.827 0.979 18.573 0.983 12.546 0.981 5.95 
0.982 21.441 0.982 19.232 0.985 13.2 0.984 6.295 




Table C-8 continued: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 3 from Central 
San Joaquin Basin 
Adsorption Isotherm- Central San Joaquin Basin 

























0.986 24.069 0.986 20.63 0.99 14.908 0.988 6.997 
0.988 25.37 0.989 21.945 0.992 15.795 0.99 7.354 
0.991 27.305 0.99 22.578 0.994 16.609 0.992 7.72 
0.991 27.919 0.992 23.185 0.995 17.243 0.993 8.065 
0.994 30.709 0.994 24.348 0.997 18.369 0.994 8.422 
0.992 30.422 0.992 24.033 0.994 17.596 0.992 8.246 
0.992 30.059 0.991 23.675 0.991 16.911 0.991 8.029 
0.991 29.673 0.989 23.309 0.988 16.193 0.989 7.818 
0.99 29.11 0.988 22.905 0.988 16.16 0.988 7.664 
0.988 28.414 0.986 22.36 0.983 15.227 0.985 7.363 
0.986 26.881 0.983 21.747 0.979 14.617 0.983 7.078 
0.981 24.895 0.98 21.12 0.975 14.108 0.98 6.802 
0.976 22.993 0.977 20.386 0.97 13.419 0.976 6.464 
0.973 21.971 0.972 19.579 0.965 12.864 0.97 6.095 
0.966 20.059 0.967 18.907 0.96 12.38 0.966 5.832 
0.962 19.217 0.961 18.258 0.955 11.939 0.961 5.58 
0.958 18.344 0.955 17.679 0.95 11.549 0.956 5.347 
0.953 17.471 0.95 17.261 0.941 10.844 0.951 5.159 
0.94 15.736 0.941 16.534 0.93 10.141 0.941 4.835 
0.932 14.943 0.929 15.825 0.92 9.648 0.93 4.53 
0.923 14.041 0.921 15.404 0.91 9.192 0.92 4.31 
0.912 13.115 0.911 14.87 0.9 8.807 0.91 4.11 
0.901 12.3 0.9 14.384 0.89 8.472 0.9 3.933 
0.89 11.564 0.891 14 0.862 7.723 0.89 3.776 
0.859 9.735 0.86 12.815 0.819 6.878 0.864 3.435 
0.823 7.988 0.821 11.391 0.781 6.289 0.818 3.007 
0.776 6.458 0.78 9.957 0.74 5.752 0.782 2.744 
0.737 5.563 0.739 8.597 0.7 5.257 0.741 2.497 
0.693 4.85 0.699 7.442 0.66 4.791 0.701 2.29 
0.662 4.438 0.66 6.534 0.62 4.339 0.66 2.109 
0.62 3.997 0.621 5.774 0.58 3.893 0.62 1.947 
0.58 3.653 0.581 5.136 0.54 3.47 0.58 1.797 
0.54 3.352 0.541 4.597 0.5 3.075 0.54 1.657 
0.499 3.094 0.5 4.128 0.462 1.784 0.499 1.521 
0.463 2.772 0.46 2.864 0.416 1.422 0.454 0.877 
0.416 2.428 0.414 2.422 0.369 1.325 0.415 0.77 
0.377 2.291 0.373 2.266 0.329 1.252 0.371 0.713 
0.344 2.179 0.332 2.13 0.3 1.199 0.33 0.668 
0.3 2.036 0.3 2.024 0.249 1.111 0.3 0.636 
0.25 1.879 0.249 1.864 0.2 1.023 0.249 0.586 
0.203 1.729 0.2 1.707 0.15 0.927 0.2 0.536 
0.152 1.558 0.15 1.541 0.135 0.893 0.15 0.482 
0.128 1.46 0.135 1.478 0.1 0.81 0.135 0.463 




Table C-9: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 4 from Central San   
Joaquin Basin 
Adsorption Isotherm- Central San Joaquin Basin 
Central well 4:  Central well 4: 
13118.7 ft.  
Central well 4:  
13139.0 ft. 
Central well 4:  
13139.9 ft.  
Central well 4:  




































0.013 0.155 0.013 0.12 0.013 0.188 0.013 0.223 0.013 0.061 
0.026 0.189 0.027 0.152 0.026 0.228 0.025 0.269 0.027 0.072 
0.053 0.229 0.053 0.192 0.052 0.277 0.05 0.33 0.053 0.085 
0.075 0.251 0.075 0.214 0.075 0.304 0.074 0.371 0.075 0.093 
0.09 0.262 0.09 0.226 0.09 0.317 0.089 0.392 0.09 0.098 
0.11 0.276 0.11 0.24 0.111 0.334 0.11 0.418 0.11 0.103 
0.135 0.292 0.135 0.256 0.135 0.352 0.136 0.445 0.135 0.11 
0.15 0.299 0.15 0.264 0.151 0.359 0.15 0.461 0.15 0.113 
0.175 0.313 0.175 0.277 0.175 0.375 0.176 0.485 0.175 0.119 
0.2 0.325 0.2 0.289 0.2 0.39 0.2 0.507 0.2 0.123 
0.225 0.334 0.225 0.296 0.225 0.399 0.226 0.53 0.225 0.128 
0.251 0.346 0.251 0.307 0.251 0.413 0.251 0.552 0.251 0.133 
0.276 0.359 0.276 0.318 0.276 0.427 0.276 0.573 0.275 0.139 
0.301 0.371 0.3 0.328 0.301 0.442 0.301 0.595 0.301 0.144 
0.34 0.393 0.34 0.345 0.341 0.468 0.341 0.63 0.341 0.152 
0.381 0.416 0.381 0.363 0.381 0.497 0.381 0.667 0.381 0.161 
0.421 0.441 0.421 0.381 0.421 0.528 0.421 0.706 0.421 0.17 
0.461 0.468 0.461 0.401 0.461 0.562 0.462 0.747 0.461 0.179 
0.501 0.497 0.501 0.423 0.501 0.598 0.501 0.791 0.502 0.19 
0.541 0.529 0.541 0.447 0.541 0.639 0.541 0.84 0.542 0.201 
0.581 0.566 0.581 0.474 0.581 0.685 0.581 0.894 0.582 0.213 
0.621 0.607 0.621 0.506 0.621 0.74 0.621 0.956 0.622 0.225 
0.662 0.655 0.661 0.541 0.661 0.801 0.661 1.029 0.661 0.24 
0.701 0.713 0.701 0.587 0.701 0.877 0.701 1.117 0.701 0.258 
0.741 0.787 0.741 0.648 0.741 0.974 0.741 1.224 0.741 0.28 
0.781 0.884 0.781 0.728 0.781 1.098 0.78 1.361 0.781 0.307 
0.821 1.013 0.821 0.839 0.821 1.267 0.82 1.547 0.821 0.343 
0.861 1.204 0.861 1.006 0.86 1.517 0.86 1.812 0.861 0.394 
0.891 1.422 0.891 1.202 0.891 1.804 0.89 2.121 0.891 0.452 
0.902 1.53 0.901 1.296 0.902 1.949 0.902 2.297 0.902 0.479 
0.911 1.633 0.911 1.395 0.911 2.083 0.911 2.436 0.911 0.509 
0.921 1.764 0.92 1.519 0.92 2.255 0.92 2.61 0.92 0.542 
0.93 1.923 0.93 1.673 0.93 2.463 0.93 2.832 0.931 0.588 
0.941 2.132 0.941 1.87 0.94 2.724 0.94 3.106 0.941 0.644 
0.95 2.385 0.95 2.117 0.95 3.05 0.949 3.457 0.951 0.716 
0.956 2.562 0.955 2.286 0.956 3.287 0.955 3.71 0.956 0.762 
0.96 2.746 0.96 2.462 0.96 3.516 0.96 3.924 0.96 0.815 
0.965 2.972 0.965 2.668 0.965 3.8 0.965 4.208 0.965 0.879 
0.97 3.254 0.97 2.936 0.97 4.119 0.969 4.515 0.971 0.965 
0.975 3.597 0.975 3.26 0.975 4.552 0.974 4.863 0.976 1.068 
0.98 4.059 0.98 3.672 0.979 5.054 0.977 5.208 0.981 1.203 
0.983 4.401 0.983 3.993 0.983 5.478 0.98 5.533 0.984 1.313 
0.985 4.714 0.985 4.289 0.985 5.772 0.983 5.856 0.986 1.423 




Table C-9 continued: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 4 from Central 
San Joaquin Basin 
Adsorption Isotherm- Central San Joaquin Basin 
Central well 4:  Central well 4: 
13118.7 ft.  
Central well 4:  
13139.0 ft. 
Central well 4:  
13139.9 ft.  
Central well 4:  




































0.99 5.561 0.989 5.071 0.99 6.752 0.987 6.507 0.991 1.727 
0.992 6.011 0.992 5.618 0.992 7.246 0.989 6.841 0.993 1.912 
0.994 6.473 0.994 6.168 0.993 7.75 0.99 7.183 0.994 2.005 
0.995 6.871 0.995 6.558 0.995 8.215 0.992 7.504 0.995 2.11 
0.996 7.382 0.997 7.329 0.996 8.75 0.994 8.092 0.996 2.301 
0.994 7.043 0.993 6.782 0.994 8.429 0.992 7.948 0.994 2.136 
0.992 6.721 0.991 6.325 0.992 8.111 0.99 7.77 0.992 1.984 
0.99 6.39 0.987 5.832 0.99 7.782 0.989 7.594 0.989 1.822 
0.99 6.344 0.987 5.784 0.988 7.396 0.987 7.373 0.988 1.776 
0.987 5.899 0.982 5.232 0.985 6.978 0.985 7.119 0.985 1.658 
0.986 5.702 0.977 4.792 0.983 6.707 0.982 6.869 0.982 1.549 
0.983 5.366 0.976 4.706 0.98 6.411 0.98 6.609 0.98 1.482 
0.98 5.035 0.97 4.354 0.976 5.956 0.976 6.284 0.975 1.343 
0.975 4.651 0.965 4.089 0.97 5.497 0.97 5.928 0.97 1.233 
0.97 4.272 0.96 3.871 0.966 5.222 0.964 5.625 0.965 1.155 
0.966 4.053 0.955 3.69 0.961 4.96 0.961 5.46 0.96 1.081 
0.96 3.771 0.95 3.518 0.955 4.707 0.955 5.255 0.955 1.013 
0.955 3.575 0.94 3.24 0.95 4.517 0.95 5.065 0.95 0.962 
0.95 3.39 0.93 3.016 0.941 4.192 0.94 4.78 0.94 0.87 
0.94 3.096 0.92 2.824 0.93 3.931 0.93 4.543 0.93 0.802 
0.93 2.87 0.91 2.66 0.921 3.724 0.921 4.364 0.92 0.745 
0.92 2.681 0.9 2.516 0.911 3.543 0.91 4.184 0.91 0.697 
0.91 2.518 0.89 2.387 0.901 3.384 0.9 4.025 0.9 0.657 
0.9 2.379 0.862 2.084 0.89 3.24 0.89 3.889 0.89 0.622 
0.89 2.255 0.819 1.748 0.862 2.927 0.859 3.514 0.861 0.545 
0.861 1.977 0.78 1.508 0.819 2.565 0.819 3.122 0.819 0.467 
0.818 1.672 0.74 1.299 0.781 2.313 0.78 2.802 0.78 0.415 
0.78 1.466 0.7 1.124 0.741 2.087 0.74 2.51 0.74 0.373 
0.74 1.294 0.66 0.978 0.7 1.895 0.699 2.258 0.699 0.339 
0.699 1.152 0.62 0.858 0.659 1.726 0.66 2.045 0.659 0.31 
0.659 1.035 0.58 0.755 0.62 1.579 0.62 1.854 0.619 0.285 
0.619 0.933 0.54 0.673 0.58 1.445 0.58 1.69 0.579 0.264 
0.579 0.846 0.5 0.607 0.54 1.321 0.54 1.543 0.54 0.245 
0.538 0.767 0.461 0.449 0.5 1.203 0.5 1.411 0.499 0.227 
0.499 0.699 0.419 0.393 0.462 0.714 0.456 0.891 0.46 0.193 
0.461 0.529 0.369 0.363 0.417 0.531 0.411 0.792 0.418 0.174 
0.417 0.425 0.328 0.341 0.37 0.474 0.371 0.748 0.38 0.165 
0.381 0.393 0.3 0.325 0.329 0.431 0.33 0.709 0.34 0.156 
0.329 0.354 0.249 0.299 0.3 0.4 0.3 0.679 0.299 0.147 
0.3 0.331 0.2 0.27 0.251 0.352 0.249 0.633 0.249 0.137 
0.25 0.296 0.15 0.238 0.19 0.29 0.2 0.588 0.2 0.126 
0.201 0.26 0.135 0.226 0.142 0.192 0.15 0.538 0.15 0.115 
0.14 0.212 0.101 0.195 0.127 0.133 0.135 0.521 0.135 0.111 





Table C-10: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 1 from West San Joaquin 
Basin 
Adsorption Isotherm- West San Joaquin Basin 
West Well 1:  West Well 1:   West Well 1:   West Well 1:   West Well 1:  




































0.013 0.138 0.012 0.125 0.013 0.133 0.013 0.107 0.012 0.163 
0.026 0.171 0.02 0.144 0.026 0.168 0.027 0.133 0.026 0.21 
0.053 0.21 0.027 0.156 0.053 0.211 0.053 0.163 0.053 0.265 
0.075 0.232 0.038 0.172 0.075 0.235 0.075 0.181 0.075 0.297 
0.09 0.246 0.051 0.187 0.09 0.25 0.09 0.191 0.09 0.317 
0.11 0.262 0.063 0.202 0.11 0.267 0.11 0.204 0.11 0.338 
0.135 0.278 0.076 0.213 0.135 0.285 0.135 0.218 0.136 0.362 
0.15 0.288 0.083 0.219 0.15 0.294 0.151 0.226 0.151 0.376 
0.175 0.303 0.09 0.226 0.176 0.311 0.175 0.238 0.175 0.397 
0.2 0.315 0.1 0.233 0.2 0.324 0.2 0.247 0.2 0.415 
0.225 0.329 0.11 0.241 0.225 0.338 0.226 0.258 0.225 0.433 
0.25 0.342 0.123 0.249 0.251 0.352 0.25 0.269 0.251 0.451 
0.275 0.355 0.135 0.256 0.275 0.365 0.275 0.279 0.276 0.469 
0.3 0.368 0.143 0.261 0.301 0.379 0.3 0.29 0.301 0.486 
0.341 0.389 0.151 0.266 0.341 0.401 0.341 0.307 0.341 0.514 
0.381 0.41 0.163 0.272 0.381 0.423 0.381 0.325 0.381 0.542 
0.421 0.432 0.175 0.279 0.421 0.447 0.421 0.343 0.421 0.571 
0.461 0.456 0.201 0.292 0.461 0.472 0.461 0.362 0.461 0.602 
0.501 0.481 0.226 0.304 0.501 0.498 0.501 0.382 0.501 0.635 
0.541 0.508 0.25 0.314 0.541 0.527 0.541 0.405 0.541 0.671 
0.581 0.538 0.276 0.326 0.581 0.559 0.582 0.429 0.581 0.712 
0.621 0.57 0.3 0.338 0.622 0.594 0.622 0.454 0.621 0.755 
0.661 0.609 0.341 0.357 0.661 0.636 0.661 0.486 0.661 0.807 
0.701 0.654 0.381 0.377 0.701 0.688 0.701 0.524 0.701 0.871 
0.741 0.711 0.421 0.398 0.741 0.751 0.741 0.571 0.741 0.95 
0.781 0.782 0.461 0.419 0.781 0.833 0.781 0.632 0.781 1.053 
0.821 0.878 0.501 0.442 0.821 0.945 0.821 0.715 0.821 1.195 
0.861 1.019 0.541 0.468 0.861 1.111 0.861 0.839 0.861 1.405 
0.891 1.181 0.581 0.496 0.891 1.305 0.891 0.981 0.891 1.655 
0.901 1.26 0.621 0.527 0.902 1.409 0.902 1.049 0.902 1.781 
0.91 1.34 0.661 0.564 0.912 1.513 0.911 1.123 0.911 1.911 
0.92 1.441 0.701 0.605 0.921 1.636 0.921 1.215 0.921 2.075 
0.93 1.565 0.741 0.658 0.931 1.797 0.931 1.324 0.931 2.286 
0.94 1.717 0.781 0.725 0.941 2.009 0.941 1.464 0.941 2.54 
0.95 1.913 0.821 0.813 0.95 2.255 0.95 1.63 0.95 2.862 
0.955 2.046 0.861 0.941 0.956 2.442 0.956 1.742 0.956 3.106 
0.96 2.178 0.891 1.087 0.961 2.629 0.96 1.861 0.96 3.345 
0.965 2.334 0.901 1.159 0.966 2.88 0.965 2.01 0.965 3.642 
0.97 2.53 0.911 1.232 0.971 3.177 0.97 2.197 0.97 4.019 
0.974 2.759 0.92 1.322 0.976 3.575 0.975 2.418 0.975 4.478 
0.979 3.073 0.93 1.434 0.981 4.071 0.98 2.697 0.98 5.075 
0.982 3.269 0.94 1.573 0.984 4.454 0.983 2.864 0.983 5.519 
0.984 3.477 0.95 1.748 0.986 4.759 0.985 3.03 0.985 5.851 




Table C-10 continued: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 1 from West 
San Joaquin Basin 
Adsorption Isotherm- West San Joaquin Basin 
West Well 1:  West Well 1:   West Well 1:   West Well 1:   West Well 1:  




































0.99 4.053 0.96 1.982 0.99 5.393 0.99 3.514 0.99 6.819 
0.992 4.404 0.965 2.125 0.992 5.837 0.992 3.784 0.992 7.308 
0.994 4.725 0.97 2.303 0.994 6.281 0.994 4.055 0.994 7.694 
0.995 5.033 0.975 2.519 0.996 6.576 0.995 4.279 0.995 8.077 
0.997 5.477 0.98 2.812 0.998 7.049 0.997 4.757 0.997 8.678 
0.994 5.142 0.983 3.029 0.994 6.735 0.994 4.375 0.993 8.25 
0.991 4.85 0.986 3.251 0.991 6.451 0.99 4.049 0.99 7.877 
0.989 4.572 0.988 3.507 0.988 6.184 0.986 3.69 0.987 7.511 
0.988 4.464 0.991 3.854 0.987 6.102 0.984 3.577 0.985 7.28 
0.985 4.259 0.993 4.212 0.985 5.929 0.98 3.365 0.982 7.04 
0.983 4.11 0.994 4.558 0.982 5.675 0.975 3.11 0.98 6.894 
0.98 3.9 0.995 4.841 0.98 5.552 0.97 2.937 0.975 6.537 
0.975 3.605 0.997 5.398 0.974 5.193 0.965 2.789 0.969 6.092 
0.97 3.42 0.993 4.766 0.97 4.999 0.96 2.647 0.965 5.874 
0.965 3.224 0.988 4.165 0.965 4.762 0.955 2.539 0.96 5.625 
0.96 3.056 0.982 3.632 0.96 4.574 0.95 2.438 0.954 5.335 
0.955 2.91 0.973 3.133 0.955 4.398 0.94 2.273 0.95 5.14 
0.95 2.799 0.961 2.695 0.95 4.226 0.93 2.136 0.939 4.735 
0.94 2.585 0.947 2.379 0.94 3.94 0.92 2.019 0.929 4.4 
0.93 2.421 0.927 2.075 0.929 3.655 0.91 1.913 0.92 4.109 
0.92 2.281 0.904 1.847 0.919 3.42 0.899 1.815 0.909 3.825 
0.911 2.165 0.882 1.688 0.909 3.211 0.89 1.737 0.899 3.586 
0.9 2.059 0.86 1.564 0.899 3.025 0.861 1.544 0.889 3.359 
0.89 1.967 0.82 1.393 0.889 2.858 0.819 1.327 0.862 2.862 
0.862 1.759 0.78 1.27 0.861 2.483 0.78 1.169 0.817 2.272 
0.819 1.536 0.74 1.173 0.818 2.054 0.74 1.042 0.78 1.943 
0.78 1.391 0.7 1.091 0.781 1.779 0.7 0.936 0.741 1.676 
0.74 1.272 0.66 1.02 0.74 1.547 0.659 0.845 0.7 1.458 
0.7 1.175 0.62 0.957 0.699 1.361 0.62 0.766 0.66 1.292 
0.66 1.093 0.58 0.898 0.66 1.21 0.58 0.7 0.62 1.158 
0.62 1.021 0.54 0.842 0.619 1.083 0.539 0.642 0.58 1.046 
0.579 0.955 0.5 0.788 0.579 0.978 0.5 0.593 0.54 0.951 
0.539 0.896 0.465 0.561 0.539 0.887 0.463 0.441 0.5 0.872 
0.5 0.841 0.416 0.449 0.498 0.807 0.418 0.376 0.463 0.674 
0.459 0.543 0.357 0.41 0.456 0.532 0.368 0.347 0.417 0.6 
0.417 0.483 0.317 0.385 0.417 0.482 0.328 0.327 0.369 0.563 
0.369 0.451 0.3 0.373 0.369 0.449 0.3 0.313 0.329 0.531 
0.329 0.426 0.25 0.343 0.34 0.43 0.249 0.291 0.299 0.509 
0.3 0.409 0.2 0.315 0.299 0.405 0.2 0.268 0.249 0.473 
0.249 0.381 0.15 0.285 0.25 0.375 0.15 0.242 0.2 0.435 
0.2 0.352 0.135 0.275 0.2 0.344 0.135 0.234 0.15 0.394 
0.15 0.321 0.1 0.249 0.15 0.31 0.1 0.212 0.135 0.379 
0.135 0.31 - - 0.135 0.298 - - 0.1 0.341 




Table C-11: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 2 from West San               
Joaquin Basin 
Adsorption Isotherm- West San Joaquin Basin 
West Well 2:  West Well 2:  West Well 2:  West Well 2:  West Well 2:  




































0.013 0.129 0.013 0.087 0.013 0.051 0.012 0.155 0.013 0.074 
0.026 0.16 0.027 0.115 0.027 0.072 0.026 0.188 0.027 0.091 
0.053 0.197 0.054 0.15 0.053 0.097 0.053 0.226 0.054 0.113 
0.075 0.218 0.075 0.17 0.075 0.112 0.074 0.25 0.075 0.125 
0.09 0.231 0.091 0.181 0.09 0.121 0.09 0.264 0.09 0.133 
0.11 0.246 0.11 0.194 0.11 0.131 0.11 0.28 0.11 0.142 
0.135 0.262 0.135 0.209 0.136 0.142 0.135 0.298 0.136 0.151 
0.15 0.272 0.15 0.216 0.15 0.147 0.15 0.308 0.151 0.157 
0.175 0.286 0.175 0.229 0.175 0.157 0.175 0.324 0.175 0.165 
0.2 0.298 0.201 0.24 0.2 0.164 0.2 0.338 0.2 0.17 
0.225 0.311 0.225 0.249 0.225 0.173 0.225 0.352 0.226 0.178 
0.25 0.323 0.251 0.259 0.25 0.18 0.25 0.367 0.251 0.184 
0.275 0.336 0.275 0.268 0.275 0.188 0.275 0.381 0.275 0.191 
0.3 0.349 0.301 0.278 0.301 0.196 0.3 0.395 0.3 0.197 
0.341 0.369 0.341 0.294 0.341 0.208 0.341 0.417 0.341 0.207 
0.381 0.389 0.381 0.31 0.381 0.22 0.381 0.441 0.381 0.218 
0.421 0.41 0.421 0.326 0.421 0.232 0.421 0.465 0.421 0.229 
0.461 0.433 0.461 0.342 0.461 0.245 0.461 0.49 0.461 0.241 
0.501 0.457 0.501 0.36 0.501 0.258 0.501 0.518 0.501 0.254 
0.54 0.484 0.541 0.378 0.541 0.271 0.541 0.549 0.541 0.268 
0.58 0.514 0.582 0.397 0.581 0.285 0.581 0.583 0.582 0.284 
0.621 0.547 0.622 0.42 0.621 0.298 0.621 0.619 0.622 0.299 
0.661 0.586 0.662 0.441 0.661 0.316 0.661 0.664 0.661 0.319 
0.701 0.634 0.701 0.469 0.701 0.335 0.701 0.717 0.701 0.345 
0.741 0.692 0.741 0.503 0.741 0.356 0.741 0.782 0.741 0.375 
0.781 0.768 0.781 0.548 0.781 0.381 0.781 0.863 0.781 0.414 
0.821 0.87 0.821 0.607 0.821 0.41 0.821 0.971 0.821 0.466 
0.861 1.021 0.861 0.701 0.861 0.447 0.861 1.126 0.861 0.542 
0.89 1.195 0.891 0.816 0.891 0.486 0.891 1.297 0.891 0.629 
0.901 1.286 0.901 0.873 0.901 0.502 0.901 1.377 0.901 0.67 
0.911 1.376 0.911 0.94 0.911 0.521 0.91 1.455 0.911 0.716 
0.92 1.487 0.921 1.024 0.921 0.542 0.92 1.554 0.921 0.772 
0.93 1.627 0.931 1.13 0.931 0.567 0.93 1.67 0.931 0.836 
0.94 1.801 0.941 1.277 0.941 0.602 0.94 1.81 0.941 0.92 
0.95 2.019 0.951 1.473 0.951 0.65 0.95 1.982 0.95 1.023 
0.955 2.171 0.956 1.604 0.956 0.682 0.955 2.095 0.955 1.09 
0.96 2.324 0.96 1.761 0.96 0.722 0.96 2.205 0.96 1.16 
0.965 2.501 0.965 1.951 0.966 0.77 0.965 2.342 0.965 1.246 
0.969 2.704 0.97 2.179 0.97 0.833 0.969 2.494 0.97 1.353 
0.975 2.979 0.975 2.488 0.976 0.921 0.974 2.685 0.975 1.484 
0.979 3.287 0.98 2.934 0.98 1.042 0.979 2.904 0.98 1.641 
0.982 3.515 0.983 3.254 0.983 1.146 0.982 3.07 0.983 1.75 
0.985 3.74 0.985 3.558 0.985 1.247 0.984 3.2 0.985 1.856 




Table C-11 continued: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 2 from             
West San Joaquin Basin 
Adsorption Isotherm- West San Joaquin Basin 
West Well 2:  West Well 2:  West Well 2:  West Well 2:  West Well 2:  




































0.99 4.321 0.99 4.326 0.99 1.519 0.989 3.637 0.99 2.137 
0.992 4.607 0.992 4.829 0.992 1.686 0.992 3.857 0.992 2.258 
0.994 4.914 0.994 5.361 0.994 1.854 0.993 4.054 0.994 2.449 
0.995 5.13 0.995 5.738 0.995 2.047 0.994 4.16 0.995 2.575 
0.998 5.564 0.997 6.434 0.997 2.319 0.997 4.474 0.998 2.878 
0.994 5.24 0.994 5.903 0.993 1.979 0.992 4.161 0.992 2.536 
0.99 4.975 0.991 5.46 0.99 1.723 0.989 3.904 0.987 2.271 
0.987 4.7 0.988 5.035 0.985 1.425 0.985 3.654 0.98 2.008 
0.984 4.551 0.988 4.969 0.979 1.22 0.983 3.529 0.973 1.81 
0.982 4.412 0.983 4.41 0.976 1.096 0.979 3.331 0.971 1.746 
0.98 4.286 0.979 4.004 0.969 0.941 0.975 3.154 0.965 1.613 
0.975 4.061 0.975 3.711 0.965 0.874 0.97 2.99 0.96 1.532 
0.969 3.831 0.969 3.36 0.96 0.808 0.964 2.806 0.955 1.453 
0.965 3.68 0.964 3.089 0.955 0.753 0.959 2.685 0.95 1.383 
0.959 3.516 0.959 2.834 0.95 0.708 0.954 2.573 0.94 1.274 
0.954 3.386 0.954 2.624 0.94 0.646 0.949 2.464 0.93 1.178 
0.949 3.262 0.949 2.444 0.93 0.602 0.939 2.295 0.92 1.099 
0.939 3.061 0.939 2.141 0.92 0.572 0.929 2.158 0.91 1.032 
0.93 2.909 0.93 1.921 0.91 0.546 0.92 2.058 0.9 0.975 
0.92 2.755 0.92 1.718 0.9 0.525 0.91 1.955 0.89 0.925 
0.91 2.614 0.91 1.545 0.889 0.506 0.9 1.862 0.86 0.808 
0.9 2.489 0.899 1.4 0.86 0.467 0.89 1.785 0.819 0.691 
0.89 2.376 0.89 1.28 0.819 0.427 0.861 1.599 0.779 0.609 
0.862 2.113 0.86 1.023 0.779 0.399 0.819 1.395 0.739 0.547 
0.819 1.789 0.819 0.804 0.739 0.375 0.78 1.256 0.699 0.497 
0.78 1.555 0.78 0.682 0.699 0.353 0.74 1.139 0.659 0.455 
0.739 1.357 0.739 0.601 0.659 0.335 0.699 1.042 0.619 0.42 
0.699 1.196 0.699 0.547 0.62 0.318 0.659 0.961 0.579 0.389 
0.659 1.061 0.659 0.507 0.579 0.302 0.619 0.89 0.539 0.363 
0.62 0.951 0.619 0.473 0.539 0.287 0.579 0.825 0.499 0.339 
0.58 0.856 0.58 0.445 0.499 0.274 0.54 0.769 0.461 0.272 
0.54 0.775 0.54 0.421 0.46 0.257 0.5 0.717 0.417 0.246 
0.499 0.705 0.5 0.4 0.418 0.244 0.463 0.579 0.368 0.23 
0.463 0.521 0.46 0.347 0.379 0.231 0.418 0.497 0.339 0.221 
0.418 0.451 0.419 0.328 0.339 0.217 0.369 0.462 0.299 0.208 
0.369 0.418 0.38 0.311 0.299 0.205 0.328 0.437 0.249 0.194 
0.329 0.393 0.339 0.294 0.25 0.19 0.299 0.419 0.2 0.179 
0.3 0.376 0.3 0.277 0.2 0.173 0.249 0.391 0.15 0.162 
0.249 0.348 0.25 0.255 0.15 0.154 0.2 0.362 0.135 0.156 
0.2 0.319 0.2 0.232 0.135 0.147 0.15 0.33 0.1 0.14 
0.15 0.288 0.15 0.205 0.1 0.13 0.135 0.318 - - 
0.135 0.277 0.135 0.193 - - 0.1 0.291 - - 





Table C-12: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 3 from West San            
Joaquin Basin 
Adsorption Isotherm- West San Joaquin Basin 




































0.013 0.051 0.013 0.288 0.013 0.08 0.012 0.155 0.013 0.043 
0.027 0.066 0.025 0.336 0.026 0.104 0.026 0.204 0.027 0.053 
0.054 0.085 0.052 0.405 0.053 0.131 0.053 0.259 0.054 0.064 
0.075 0.094 0.075 0.446 0.075 0.147 0.075 0.288 0.075 0.07 
0.09 0.101 0.09 0.469 0.09 0.156 0.09 0.306 0.091 0.073 
0.11 0.108 0.11 0.497 0.11 0.166 0.11 0.326 0.11 0.078 
0.135 0.116 0.135 0.527 0.135 0.178 0.135 0.349 0.135 0.082 
0.15 0.119 0.15 0.544 0.15 0.184 0.15 0.361 0.151 0.084 
0.175 0.126 0.175 0.572 0.176 0.194 0.175 0.38 0.176 0.087 
0.2 0.132 0.2 0.597 0.201 0.203 0.2 0.396 0.2 0.09 
0.225 0.133 0.225 0.622 0.225 0.209 0.225 0.413 0.225 0.091 
0.25 0.138 0.25 0.647 0.25 0.218 0.25 0.43 0.251 0.094 
0.275 0.143 0.275 0.672 0.275 0.226 0.275 0.445 0.276 0.097 
0.3 0.148 0.301 0.696 0.3 0.234 0.3 0.462 0.3 0.1 
0.341 0.156 0.341 0.736 0.341 0.247 0.341 0.487 0.341 0.108 
0.381 0.164 0.381 0.776 0.381 0.261 0.381 0.513 0.38 0.113 
0.421 0.172 0.421 0.818 0.421 0.275 0.421 0.541 0.421 0.119 
0.461 0.181 0.461 0.863 0.461 0.291 0.461 0.569 0.461 0.125 
0.501 0.19 0.501 0.911 0.501 0.306 0.501 0.598 0.501 0.132 
0.541 0.199 0.541 0.963 0.542 0.322 0.541 0.63 0.541 0.139 
0.581 0.21 0.581 1.02 0.582 0.34 0.581 0.664 0.581 0.147 
0.621 0.222 0.621 1.083 0.622 0.361 0.621 0.699 0.621 0.155 
0.661 0.232 0.661 1.158 0.662 0.383 0.661 0.742 0.661 0.163 
0.701 0.249 0.701 1.247 0.701 0.411 0.701 0.793 0.701 0.176 
0.741 0.271 0.741 1.352 0.741 0.446 0.741 0.853 0.741 0.192 
0.781 0.299 0.781 1.487 0.781 0.491 0.781 0.93 0.781 0.21 
0.821 0.338 0.821 1.67 0.821 0.554 0.821 1.032 0.821 0.238 
0.861 0.397 0.861 1.938 0.861 0.644 0.861 1.181 0.861 0.281 
0.891 0.468 0.891 2.249 0.891 0.748 0.891 1.347 0.891 0.331 
0.901 0.499 0.902 2.415 0.901 0.8 0.901 1.426 0.901 0.353 
0.91 0.536 0.911 2.566 0.911 0.86 0.911 1.509 0.911 0.377 
0.92 0.582 0.92 2.759 0.921 0.938 0.92 1.615 0.92 0.408 
0.93 0.638 0.931 3.018 0.931 1.03 0.93 1.745 0.93 0.446 
0.94 0.709 0.94 3.322 0.94 1.148 0.94 1.899 0.94 0.492 
0.95 0.802 0.95 3.708 0.95 1.307 0.95 2.107 0.95 0.553 
0.955 0.865 0.956 4.016 0.956 1.414 0.956 2.259 0.955 0.595 
0.96 0.934 0.96 4.3 0.96 1.537 0.96 2.409 0.96 0.648 
0.965 1.019 0.965 4.645 0.965 1.685 0.966 2.603 0.965 0.713 
0.97 1.123 0.97 5.059 0.97 1.876 0.97 2.79 0.97 0.787 
0.975 1.247 0.975 5.591 0.975 2.113 0.975 3.06 0.975 0.888 
0.98 1.396 0.979 6.134 0.98 2.462 0.98 3.392 0.98 1.019 
0.982 1.505 0.982 6.607 0.983 2.741 0.984 3.705 0.983 1.106 
0.985 1.637 0.984 7.091 0.985 3.027 0.986 3.895 0.985 1.202 
0.987 1.795 0.986 7.6 0.988 3.317 0.988 4.21 0.988 1.333 




Table C-12 continued: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 3 from West 
San Joaquin Basin 
Adsorption Isotherm- West San Joaquin Basin 




































0.992 2.169 0.99 8.696 0.992 4.052 0.993 4.947 0.992 1.644 
0.994 2.405 0.992 9.268 0.993 4.508 0.994 5.048 0.995 1.861 
0.995 2.603 0.993 9.83 0.994 4.935 0.995 5.466 0.996 2.014 
0.997 3.003 0.995 11.384 0.996 5.43 0.998 6.122 0.998 2.348 
0.991 2.433 0.993 11.082 0.994 5.08 0.994 5.616 0.994 1.938 
0.986 2.019 0.992 10.765 0.992 4.746 0.991 5.213 0.99 1.639 
0.978 1.664 0.991 10.442 0.99 4.442 0.987 4.814 0.985 1.373 
0.968 1.359 0.99 10.237 0.989 4.282 0.986 4.684 0.978 1.16 
0.956 1.149 0.988 9.778 0.988 4.056 0.983 4.344 0.976 1.088 
0.945 1.013 0.986 9.281 0.985 3.709 0.98 4.113 0.969 0.945 
0.94 0.96 0.983 8.764 0.982 3.384 0.976 3.914 0.965 0.878 
0.93 0.874 0.98 8.424 0.98 3.174 0.971 3.602 0.959 0.805 
0.92 0.806 0.976 7.847 0.975 2.758 0.965 3.334 0.955 0.757 
0.91 0.747 0.97 7.263 0.97 2.519 0.961 3.16 0.95 0.705 
0.9 0.699 0.966 6.896 0.966 2.33 0.956 2.974 0.94 0.629 
0.89 0.66 0.959 6.427 0.96 2.109 0.95 2.801 0.93 0.572 
0.86 0.564 0.955 6.159 0.955 1.958 0.941 2.561 0.92 0.523 
0.819 0.479 0.95 5.902 0.95 1.833 0.931 2.358 0.909 0.482 
0.78 0.422 0.94 5.466 0.94 1.617 0.921 2.196 0.899 0.45 
0.74 0.381 0.929 5.067 0.93 1.468 0.91 2.044 0.889 0.423 
0.7 0.348 0.92 4.792 0.92 1.337 0.9 1.92 0.859 0.361 
0.66 0.322 0.91 4.523 0.91 1.23 0.89 1.814 0.818 0.305 
0.62 0.296 0.9 4.294 0.9 1.143 0.861 1.578 0.779 0.264 
0.579 0.276 0.89 4.102 0.89 1.072 0.819 1.341 0.739 0.233 
0.54 0.259 0.862 3.68 0.861 0.908 0.78 1.189 0.699 0.209 
0.5 0.244 0.818 3.213 0.819 0.754 0.74 1.067 0.659 0.189 
0.459 0.199 0.781 2.929 0.78 0.657 0.7 0.97 0.619 0.172 
0.418 0.179 0.741 2.686 0.739 0.579 0.66 0.891 0.579 0.157 
0.379 0.175 0.7 2.485 0.7 0.522 0.62 0.824 0.539 0.143 
0.34 0.167 0.66 2.32 0.659 0.473 0.58 0.767 0.499 0.131 
0.299 0.152 0.62 2.171 0.619 0.433 0.54 0.714 0.459 0.107 
0.249 0.14 0.58 2.035 0.579 0.4 0.5 0.669 0.418 0.094 
0.2 0.129 0.54 1.906 0.539 0.37 0.46 0.596 0.38 0.085 
0.15 0.116 0.5 1.781 0.499 0.344 0.418 0.56 0.339 0.077 
0.135 0.108 0.454 0.972 0.46 0.293 0.38 0.533 0.3 0.068 
0.1 0.094 0.415 0.874 0.418 0.267 0.339 0.506 0.25 0.055 
- - 0.369 0.822 0.38 0.252 0.299 0.48 0.188 0.043 
- - 0.329 0.78 0.339 0.237 0.249 0.446 0.139 0.031 
- - 0.3 0.748 0.299 0.222 0.2 0.415 0.125 0.026 
- - 0.249 0.698 0.249 0.205 0.15 0.376 0.093 0.016 
- - 0.2 0.648 0.2 0.186 0.135 0.362 - - 
- - 0.15 0.593 0.15 0.165 0.1 0.328 - - 
- - 0.135 0.574 0.135 0.157 - - - - 





Table C-13: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 4 from West San Joaquin 
Basin 
Adsorption Isotherm- West San Joaquin Basin 




































0.013 0.282 0.013 0.258 0.013 0.154 0.013 0.061 0.013 0.072 
0.025 0.357 0.025 0.313 0.026 0.185 0.027 0.075 0.027 0.086 
0.051 0.45 0.051 0.39 0.053 0.223 0.054 0.092 0.053 0.104 
0.074 0.503 0.074 0.434 0.075 0.246 0.075 0.102 0.075 0.114 
0.09 0.532 0.09 0.459 0.09 0.259 0.09 0.108 0.09 0.12 
0.11 0.564 0.11 0.488 0.111 0.274 0.11 0.116 0.111 0.127 
0.135 0.598 0.135 0.519 0.135 0.291 0.136 0.124 0.135 0.135 
0.15 0.618 0.149 0.536 0.151 0.301 0.15 0.127 0.151 0.139 
0.176 0.651 0.176 0.564 0.175 0.316 0.175 0.135 0.176 0.146 
0.2 0.674 0.2 0.588 0.201 0.33 0.2 0.14 0.2 0.151 
0.225 0.701 0.225 0.614 0.225 0.342 0.226 0.146 0.225 0.157 
0.251 0.727 0.251 0.639 0.25 0.356 0.25 0.152 0.25 0.163 
0.275 0.754 0.275 0.663 0.275 0.369 0.275 0.158 0.276 0.169 
0.301 0.78 0.3 0.688 0.301 0.383 0.301 0.164 0.301 0.175 
0.341 0.823 0.341 0.728 0.341 0.405 0.341 0.173 0.341 0.185 
0.381 0.869 0.381 0.769 0.381 0.428 0.381 0.183 0.381 0.197 
0.421 0.917 0.421 0.812 0.421 0.452 0.421 0.193 0.421 0.206 
0.461 0.967 0.461 0.857 0.461 0.478 0.461 0.203 0.461 0.216 
0.501 1.022 0.501 0.904 0.501 0.506 0.501 0.214 0.502 0.228 
0.541 1.082 0.541 0.957 0.542 0.538 0.541 0.226 0.542 0.241 
0.581 1.149 0.581 1.015 0.582 0.572 0.582 0.239 0.582 0.254 
0.622 1.221 0.621 1.076 0.622 0.611 0.621 0.252 0.622 0.268 
0.661 1.303 0.661 1.149 0.662 0.654 0.661 0.27 0.661 0.286 
0.701 1.402 0.701 1.234 0.701 0.706 0.701 0.29 0.701 0.308 
0.741 1.525 0.741 1.339 0.741 0.772 0.741 0.316 0.741 0.335 
0.781 1.683 0.781 1.472 0.781 0.854 0.781 0.348 0.782 0.369 
0.821 1.9 0.821 1.65 0.821 0.963 0.821 0.392 0.822 0.413 
0.86 2.221 0.86 1.909 0.861 1.116 0.861 0.456 0.861 0.476 
0.89 2.603 0.89 2.214 0.891 1.285 0.891 0.527 0.892 0.545 
0.902 2.819 0.902 2.378 0.901 1.367 0.901 0.56 0.901 0.575 
0.911 3.008 0.91 2.518 0.911 1.451 0.911 0.596 0.911 0.611 
0.92 3.246 0.92 2.721 0.921 1.548 0.921 0.641 0.921 0.651 
0.93 3.571 0.93 2.977 0.93 1.662 0.93 0.69 0.931 0.699 
0.94 3.975 0.94 3.294 0.941 1.812 0.941 0.757 0.941 0.758 
0.949 4.483 0.95 3.709 0.95 1.99 0.951 0.843 0.95 0.822 
0.955 4.899 0.955 4.027 0.956 2.094 0.956 0.895 0.955 0.867 
0.96 5.293 0.96 4.353 0.96 2.202 0.96 0.953 0.96 0.914 
0.965 5.747 0.965 4.739 0.965 2.34 0.965 1.021 0.965 0.967 
0.97 6.306 0.97 5.22 0.971 2.507 0.97 1.108 0.97 1.037 
0.974 6.899 0.974 5.823 0.975 2.653 0.975 1.212 0.975 1.123 
0.978 7.586 0.978 6.496 0.98 2.862 0.98 1.343 0.981 1.22 
0.98 8.185 0.981 7.058 0.983 3.006 0.983 1.433 0.982 1.267 
0.983 8.775 0.983 7.629 0.985 3.139 0.985 1.526 0.985 1.342 
0.985 9.38 0.986 8.219 0.987 3.285 0.987 1.63 0.988 1.414 





Table C-13 continued: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 4 from West 
San Joaquin Basin 
Adsorption Isotherm- West San Joaquin Basin 




































0.988 10.651 0.989 9.48 0.992 3.615 0.992 1.884 0.992 1.55 
0.99 11.312 0.991 10.145 0.994 3.817 0.994 2.019 0.994 1.631 
0.991 11.94 0.992 10.782 0.995 3.926 0.995 2.157 0.995 1.7 
0.994 13.675 0.995 12.56 0.997 4.257 0.997 2.39 0.998 1.841 
0.992 13.37 0.993 12.243 0.992 3.934 0.992 2.087 0.991 1.618 
0.991 13.039 0.992 11.9 0.987 3.655 0.988 1.861 0.984 1.447 
0.99 12.697 0.99 11.55 0.982 3.419 0.982 1.632 0.976 1.287 
0.989 12.469 0.99 11.488 0.977 3.205 0.976 1.449 0.968 1.155 
0.988 11.968 0.988 10.963 0.975 3.138 0.967 1.28 0.966 1.13 
0.985 11.366 0.986 10.531 0.967 2.905 0.965 1.233 0.96 1.072 
0.984 11.037 0.984 9.906 0.959 2.718 0.958 1.142 0.955 1.022 
0.981 10.379 0.981 9.291 0.955 2.648 0.955 1.11 0.95 0.976 
0.977 9.608 0.977 8.563 0.95 2.554 0.95 1.052 0.94 0.902 
0.972 8.774 0.972 7.769 0.94 2.408 0.94 0.966 0.93 0.842 
0.965 8.024 0.966 7.056 0.929 2.276 0.93 0.894 0.92 0.791 
0.959 7.419 0.959 6.448 0.92 2.178 0.92 0.837 0.91 0.751 
0.954 7.08 0.954 6.061 0.91 2.071 0.91 0.786 0.9 0.713 
0.951 6.895 0.949 5.701 0.899 1.981 0.9 0.744 0.889 0.679 
0.942 6.311 0.94 5.117 0.889 1.903 0.89 0.707 0.86 0.604 
0.928 5.658 0.929 4.635 0.86 1.727 0.86 0.62 0.819 0.528 
0.921 5.413 0.92 4.293 0.819 1.545 0.819 0.535 0.779 0.474 
0.91 5.031 0.909 3.947 0.779 1.417 0.779 0.475 0.739 0.43 
0.898 4.707 0.9 3.695 0.74 1.312 0.739 0.428 0.699 0.393 
0.89 4.505 0.889 3.462 0.7 1.221 0.699 0.39 0.659 0.364 
0.861 3.947 0.862 2.985 0.66 1.14 0.659 0.358 0.62 0.338 
0.818 3.359 0.818 2.481 0.619 1.065 0.619 0.332 0.58 0.315 
0.782 2.972 0.781 2.194 0.58 1 0.579 0.308 0.539 0.294 
0.74 2.614 0.741 1.956 0.54 0.937 0.54 0.289 0.5 0.276 
0.7 2.314 0.7 1.763 0.5 0.878 0.5 0.271 0.46 0.235 
0.659 2.057 0.66 1.609 0.457 0.607 0.461 0.224 0.418 0.213 
0.619 1.841 0.619 1.475 0.415 0.534 0.418 0.201 0.379 0.202 
0.579 1.65 0.579 1.361 0.369 0.494 0.38 0.191 0.339 0.191 
0.539 1.486 0.539 1.263 0.329 0.462 0.339 0.18 0.299 0.181 
0.499 1.343 0.499 1.171 0.3 0.44 0.299 0.171 0.249 0.169 
0.463 1.056 0.462 0.958 0.249 0.408 0.249 0.159 0.2 0.154 
0.418 0.934 0.417 0.849 0.2 0.374 0.199 0.145 0.15 0.141 
0.37 0.876 0.369 0.795 0.15 0.339 0.15 0.131 0.135 0.136 
0.329 0.83 0.329 0.752 0.135 0.325 0.135 0.126 0.1 0.124 
0.3 0.798 0.3 0.722 0.1 0.294 0.1 0.114 - - 
0.249 0.744 0.25 0.672 - - - - - - 
0.2 0.69 0.2 0.622 - - - - - - 
0.15 0.631 0.15 0.567 - - - - - - 
0.135 0.611 0.135 0.549 - - - - - - 




Table C-14: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 5 from West San     
Joaquin Basin 
Adsorption Isotherm- West San Joaquin Basin 




































0.013 0.07 0.013 0.065 0.012 0.36 0.013 0.041 0.012 0.045 
0.026 0.083 0.027 0.073 0.026 0.399 0.027 0.052 0.027 0.056 
0.054 0.099 0.054 0.084 0.053 0.444 0.054 0.064 0.053 0.067 
0.074 0.108 0.075 0.088 0.075 0.474 0.075 0.071 0.075 0.074 
0.09 0.114 0.091 0.087 0.091 0.493 0.091 0.076 0.09 0.078 
0.11 0.121 0.11 0.088 0.11 0.515 0.11 0.08 0.111 0.083 
0.135 0.128 0.136 0.09 0.135 0.537 0.135 0.086 0.135 0.088 
0.15 0.132 0.15 0.088 0.15 0.553 0.15 0.089 0.15 0.091 
0.175 0.139 0.175 0.089 0.175 0.577 0.175 0.094 0.176 0.096 
0.2 0.143 0.201 0.09 0.2 0.601 0.2 0.099 0.2 0.099 
0.226 0.149 0.226 0.091 0.225 0.625 0.225 0.101 0.225 0.103 
0.25 0.154 0.25 0.084 0.25 0.65 0.251 0.105 0.25 0.107 
0.275 0.16 0.275 0.085 0.275 0.676 0.276 0.109 0.275 0.111 
0.3 0.165 0.301 0.085 0.299 0.702 0.3 0.113 0.3 0.115 
0.34 0.175 0.341 0.09 0.34 0.746 0.341 0.12 0.34 0.121 
0.381 0.184 0.381 0.095 0.38 0.792 0.381 0.126 0.381 0.127 
0.421 0.194 0.421 0.101 0.421 0.84 0.421 0.133 0.421 0.134 
0.461 0.204 0.461 0.108 0.46 0.886 0.461 0.141 0.461 0.142 
0.501 0.215 0.501 0.116 0.5 0.934 0.501 0.148 0.501 0.149 
0.541 0.227 0.541 0.126 0.541 0.984 0.541 0.156 0.541 0.158 
0.581 0.24 0.581 0.136 0.581 1.039 0.581 0.165 0.581 0.167 
0.621 0.254 0.621 0.15 0.621 1.098 0.622 0.176 0.621 0.176 
0.661 0.271 0.662 0.167 0.661 1.167 0.661 0.186 0.661 0.188 
0.701 0.293 0.702 0.184 0.701 1.249 0.701 0.2 0.701 0.203 
0.741 0.318 0.741 0.211 0.741 1.344 0.741 0.219 0.741 0.221 
0.781 0.351 0.781 0.248 0.781 1.465 0.781 0.242 0.781 0.244 
0.821 0.394 0.821 0.296 0.821 1.619 0.821 0.274 0.821 0.275 
0.861 0.457 0.861 0.365 0.861 1.831 0.861 0.319 0.861 0.321 
0.891 0.526 0.891 0.446 0.891 2.057 0.891 0.372 0.891 0.372 
0.901 0.558 0.901 0.482 0.902 2.16 0.901 0.396 0.901 0.395 
0.911 0.593 0.911 0.524 0.911 2.265 0.911 0.424 0.91 0.419 
0.921 0.636 0.921 0.574 0.92 2.374 0.921 0.455 0.92 0.45 
0.931 0.687 0.931 0.639 0.93 2.524 0.931 0.495 0.93 0.487 
0.941 0.751 0.941 0.717 0.94 2.698 0.941 0.545 0.94 0.534 
0.951 0.831 0.951 0.817 0.95 2.914 0.951 0.61 0.95 0.596 
0.956 0.884 0.956 0.884 0.955 3.048 0.956 0.649 0.956 0.635 
0.96 0.943 0.961 0.96 0.961 3.186 0.96 0.691 0.96 0.677 
0.965 1.014 0.965 1.045 0.965 3.315 0.965 0.748 0.965 0.732 
0.97 1.096 0.97 1.155 0.97 3.499 0.97 0.814 0.97 0.798 
0.975 1.205 0.975 1.288 0.975 3.72 0.975 0.897 0.975 0.881 
0.98 1.333 0.98 1.465 0.98 3.96 0.98 1.005 0.98 0.986 
0.983 1.43 0.983 1.583 0.982 4.122 0.983 1.086 0.983 1.055 





Table C-14 continued: ASAP 2020 Isothersm for Monterey Porcelanite. Sample 5 from West 
San Joaquin Basin 
Adsorption Isotherm- West San Joaquin Basin 




































0.988 1.635 0.988 1.882 0.987 4.439 0.988 1.264 0.988 1.229 
0.99 1.778 0.991 2.06 0.99 4.687 0.99 1.375 0.99 1.34 
0.992 1.908 0.992 2.194 0.992 4.837 0.993 1.502 0.992 1.453 
0.994 2.05 0.994 2.462 0.993 4.985 0.995 1.65 0.994 1.577 
0.995 2.159 0.995 2.641 0.996 5.197 0.995 1.753 0.995 1.671 
0.997 2.409 0.997 3.12 0.997 5.32 0.997 2.001 0.997 1.892 
0.992 2.106 0.993 2.582 0.992 5.052 0.993 1.697 0.992 1.616 
0.988 1.855 0.988 2.229 0.987 4.829 0.989 1.466 0.988 1.372 
0.982 1.644 0.982 1.886 0.981 4.577 0.983 1.251 0.982 1.183 
0.981 1.59 0.98 1.797 0.98 4.528 0.976 1.085 0.974 1.005 
0.975 1.436 0.975 1.61 0.975 4.389 0.968 0.944 0.971 0.953 
0.97 1.331 0.97 1.456 0.97 4.231 0.958 0.82 0.965 0.869 
0.965 1.24 0.965 1.354 0.964 4.065 0.947 0.726 0.96 0.817 
0.96 1.162 0.96 1.256 0.961 3.989 0.941 0.686 0.955 0.768 
0.955 1.099 0.955 1.19 0.954 3.861 0.93 0.627 0.95 0.73 
0.95 1.041 0.95 1.129 0.95 3.771 0.92 0.581 0.94 0.66 
0.94 0.956 0.94 1.02 0.939 3.591 0.91 0.544 0.93 0.611 
0.93 0.884 0.93 0.929 0.929 3.454 0.9 0.509 0.92 0.569 
0.92 0.825 0.92 0.862 0.92 3.34 0.89 0.481 0.91 0.534 
0.91 0.778 0.91 0.808 0.91 3.228 0.86 0.418 0.9 0.504 
0.9 0.737 0.9 0.76 0.9 3.129 0.819 0.357 0.89 0.479 
0.89 0.701 0.89 0.717 0.889 3.036 0.78 0.316 0.86 0.419 
0.861 0.619 0.86 0.618 0.861 2.827 0.74 0.284 0.819 0.361 
0.819 0.538 0.819 0.523 0.818 2.582 0.699 0.257 0.779 0.32 
0.779 0.483 0.779 0.451 0.78 2.407 0.66 0.236 0.739 0.289 
0.739 0.44 0.739 0.393 0.739 2.256 0.62 0.216 0.7 0.264 
0.7 0.405 0.699 0.345 0.699 2.128 0.579 0.2 0.659 0.243 
0.659 0.375 0.659 0.303 0.659 2.014 0.539 0.186 0.62 0.225 
0.62 0.35 0.619 0.259 0.619 1.913 0.499 0.173 0.579 0.211 
0.579 0.328 0.579 0.225 0.579 1.818 0.459 0.145 0.54 0.197 
0.539 0.308 0.54 0.193 0.54 1.735 0.419 0.13 0.5 0.185 
0.5 0.29 0.5 0.164 0.5 1.653 0.38 0.122 0.46 0.156 
0.461 0.24 0.461 0.075 0.455 1.044 0.34 0.114 0.418 0.141 
0.418 0.213 0.419 0.029 0.416 0.93 0.3 0.106 0.379 0.134 
0.38 0.201 0.368 0.004 0.369 0.863 0.25 0.097 0.339 0.127 
0.339 0.189 0.328 -0.015 0.329 0.812 0.2 0.088 0.3 0.119 
0.299 0.18 0.288 -0.034 0.299 0.777 0.15 0.077 0.249 0.111 
0.25 0.169 0.238 -0.056 0.249 0.723 0.135 0.072 0.2 0.102 
0.2 0.157 0.188 -0.08 0.2 0.672 0.101 0.063 0.15 0.093 
0.15 0.144 0.139 -0.105 0.15 0.623 - - 0.135 0.089 
0.135 0.139 0.125 -0.124 0.135 0.606 - - 0.1 0.081 
0.1 0.128 0.1 -0.5 0.1 0.569 - -     
 
